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A B S T R A C T 
I The formation of transit ion metal nitr ides i s reviewed c r i t i c a l l y 
with special reference to newer production methods and fabricat ion 
techniqueso Crystal structures and types of bonding are dirtrassed 
i n re lat ion to those of other nitrides and refractory hard metals 
generally^ cf^ -p borideSp carbides and s i l i c idesu 
Information so far available on the s intering of materials i s 
summarisedo For nitrides (as with borides and carbides)., the 
sintering is influenced by additives and lmpi;rities such as oxides 
formed by part ia l hydrolysis and oxidation^ Resista.'irft to oxidation 
i s increased by sintering and hot-pressing the refractoriesc The 
kinetics and products of oxidation of nitr ides so fsi* scadied 
depend mainly on the i n t r i n s i c react ivity of the ma'*/eriEj. and available 
surface at which oxidation can occur^ 
In the present research, changes in phase cotnposi tion,, surface 
area^ c r y s t a l l i t e and aggregate sizes are correlated wiT.ii oxidation 
time and temperature conditions for nitrides of soiae transition 
metals^ v i z . , T i , Z r , V, Ta., Cr and MOcKinetics and rates of oxidation 
are influenced by the c r y s t a l l i t e and aggregate sLie.- of the nitrideSp 
by differences in type of c r y s t a l structure and in molec-ular volume 
of the oxide products^ Sintering of the newly-formed oxide i s an 
additional factor^ 
The ni tr ides were milled to inrsrease their surface act iv i ty 
and to examine changes in the micros true ture caused by the comminutiono 
The milled nitrides apparently have greater surface heterogeneity 
and tend i n i t i a l l y to give l inear rather than parabolic oxidation 
rates u n t i l suf f ic ient oxide of rational c r y s t a l l i t e s ize composition 
i s formed to give stable oxide layersc The s intering of the oxides 
i s controlled by surface diffusion promoting grain-boundary penetration 
at lower temperatures (above about -jTmopo oxide X'li k) and cr-ystal 
lat t ice diffusion at h i ^ c r temperatures (above the Tammann Temperature^ 
about ffloPo oxide in K)o Comparison of the oxidation of nxtrided 
and free metals indicates that oxide s intering i s inhibited sometimes 
by removal of nitrogen but accelerated occaiii 07iaily by rne remaining 
me talt. 
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C h a p t e r I 
INTRODUCTORY SURVEY AND REVIEW 
N i t r i d e s a r e t h e n i t r o g e n compounds f o r m e d g e n e r a l l y a t e l e v a t e d 
t e m p e r a t u r e s when n i t r o g e n r e a c t s w i t h o t h e r e l e m e n t s e s p e c i a l l y t h e 
more e l e c t r o p o s i t i v e e l e m e n t s . 
T r a n s i t i o n e l s n e n t s s u c h as t h o s e o f s u b g r o u p s l Y A , 'SA, and 
V I A o f t h e P e r i o d i c T a b l e , f o r m n i t r i d e s w h i c h have h i g h m e l t i n g 
p o i n t s and g r e a t h a r d n e s s a p p r o a c h i n g t h a t o f d iamond ( t f h i t t e m o r e , 
1968) . Hence t h e y a r e t e r m e d r e f l a c t o r y m a t e r i a l s . T h e y a l s o possess 
m o s t o f t h e p r o p e r t i e s o f m e t a l s and a l l o y s . T h u s , t h e y e x h i b i t 
t h e r m a l and e l e c t r i c a l c o n d u c t i v i t i e s o f t h e same o r d e r o f m a g n i t u d e 
as pu re m e t a l s . These a l s o show m e t a l l i c l u s t r e . The t e r m ' h a r d 
m e t a l s * i s o f t e n a p p l i e d t o t h e s e compounds t o g e t h e r w i t h t h e b o r i d e s . 
c a r b i d e s a n d s i l i c l d e s o f t h e m e t a l s ( S c h w a r z k o p f , 1 9 5 0 ; S c h w a r z k o p f 
A K i e f f e r , 1 9 5 3 . p p 3 - 5 ; Hagg 1 9 5 3 ) . 
The above m e n t i o n e d p r o p e r t i e s o f t h e t r s m s i t i o n m e t a l n i t r i d e a 
cause them t o be o f c o n s i d e r a b l e t e c h n o l o g i c a l i m p o r t a n c e ^ N i t r i d e s 
o f m e t a l s b e l o n g i n g t o t h e 3 J A a n d X A s u b g r o u p s o f t h e P e r i o d i c 
T a b l e h a v e b e e n i m p o r t a n t i n h i g h m e l t i n g p o i n t c e m e t s ( S c h w a r z k o p f 
ft K i e f f e r , 1 9 5 3 ) . H i ^ m e l t i n g p o i n t s i n c o m b i n a t i o n w i t h good n o n -
p c a l i n g p r o p e r t i e s make t h e s e m a t e r i a l s u s e f u l f o r r o c k e t t e c h n o l o g y 
and J e t p r o p u l s i o n . The r e a c t i o n chambers o f j e t e n g i n e s a r e l i n e d 
w i t h t h e s e r e f r a c t o r y m a t e r i a l s . The demands o n t h e s e m a t e r i a l s i n 
r e s p e c t o f t h e r m a l s h o c k r e s i s t a n c e a r e p a r t i c u l a r l y s e v e r e , o w i n g t o 
t h e h i ^ r a t e s o f t e m p e r a t u r e c h a n g e , w h i c h c a n h a r d l y be r e p r o d u c e d 
i n t e s t i n g ( K i n g e r y , 1955 ; Buessem, 1 9 5 5 ) . The b l a d e s o f gas 
t u r b i n e s a r e a l s o c o v e r e d w i t h c o a t i n g s o f t h e s e m a t e r i a l s . The 
r e f r a c t o r y n i t r i d e s e x h i b i t t h e i r g r e a t e s t r e f r a c t o r i n e s s i n 
n i t r o g e n a t m o s p h e r e s (Bradshaw, e t . a l . , 1 9 5 8 ) . H i g h e l e c t r i c a l 
( 8 ) 
c o n d u c t i v i t y and l o w r e a c t i v i t y t o w a r d s n o i m a l l y c o r r o s i v e c h e m i c a l s 
p e r m i t s t h e i r a p p l i c a t i o n i n f u s e d s a l t e l e c t r o l y s i s , 
N i t r i d i n g i s e x t e n s i v e l y u s e d f o r h a r d e n i n g s t e e l s u r f a c e s . D u r i n g 
t h e p r o c e s s , a t o m i c n i t r o g e n i s a d s o r b e d f r o m e i t h e r a geiseous o r 
l i q u i d ( s a l t ) c a r r i e r and s u b s e q u e h t l y i n t o t h e base m e t a l . The ca se 
i s q u i t e h a r d and a c q u i r e s e x c e l l e n t w e a r r e s i s t a n c e and g a l l i n g 
p r o p e r t i e s . P r e s e n t l y , d e v i c e s l i k e g e a r s , p i n i o n s , s h a f t s , c l u t c h e s , 
p i s t o n r i n g s e t c . , a r e h a r d e n e d b y t h i s t e c h n i q u e . ( L e e m i n g ; 1 9 6 4 ) , 
I n t h e p a s t , s t u d i e s have been m a i n l y c o n f i n e d t o t h e d i r e c t 
o x i d a t i o n o f m e t a l s , and o x i d e s have been a p p l i e d e x t e n s i v e l y as 
r e f r a c t o r y m a t e r i a l s . The f o r m a t i o n and r e a c t i v i t y o f o x i d e s has 
t h e r e f o r e been s t u d i e d i n d e p t h ( e . g . G l a s s o n , 1 9 5 6 , 1958 a - b , 
1960 a - b , 1963 a - b , 1 9 6 7 ; G l a s s o n & S h e p p a r d , 1 9 6 8 ) . S i m i l a r s t u d i e s 
o n t r a n s i t i o n m e t a l N i t r i d e s have been l e s s e x t e n s i v e . R e c e n t l y 
some n i t r i d e s o f e l e m e n t s i n g r o u p s I T , & 1 £ o f t h e P e r i o d i c 
T a b l e have been i n v e s t i g a t e d ( J a y a w e e r a , 1969) - I n t h i s t h e s i s , 
s e l e c t e d n i t r i d e s o f m e t a l s b e l o n g i n g t o s u b - g r o u p s 3 Z A , T f i A and 
T i A o f t h e P e r i o d i c T a b l e have b e e n s t u d i e d w i t h r e s p e c t to t h e i r 
p r o d u c t i o n , s i n t e r i n g a n d o x i d a t i o n . S i n c e n i t r i d a t i o n o f m e t a l s f o l l o w e d 
b y o x i d a t i o n c o n s t i t u t e s i n d i r e c t c o r r o s i o n , c o m p a r i s o n s have been 
made w i t h t h e o x i d a t i o n b e h a v i o u r o f t h e c o r r e s p o n d i n g m e t a l s . 
1.1 C l a s s i f i c a t i o n o f N i t r i d e s . 
N i t r i d e s a r e c a t e g o r i s e d g e n e r a l l y as i o n i c , c o v a l e n t and 
i n t e r s t i t i a l ( o r m e t a l l i c ) d e p e n d i n g o n t h e n a t u r e o f t h e i r b o n d i n g 
( B r o w n , 1964 , P . 1 5 0 ; M o o r e , 1 9 4 8 ) . The a t o m i c number o f n i t r o g e n 
i s 7 and i t s e l e c t r o n i c c o n f i g u r a t i o n i n t h e g r o u n d s t a t e i s , 
2 2 3 
t h e r e f o r e 1S^, 2S 2 p - ; t h e t h r e e 2p e l e c t r o n s o c c u p y d i f f e r e n t 
space o r b i t a l s i n a c c o r d a n c e w i t h Hunds* R u l e o f Maximum M u l t i p l i c i t y . 
( 9 ) 
T h e r e a r e t h r e e p o s s i b l e ways i n w h i c h n i t r o g e n may a c q u i r e e l e c t r o n i c 
s t a b i l i t y , ( a ) as i n i o n i c compounds , i t may f o r m t h e n i t r i d e i o n , 
N ; ( b ) I t may f o r m c o v a l e n t compounds by t h e o v e r l a p p i n g o f i t s 
s i n g l y o c c u p i e d o r b i t a l s w i t h s i m i l a r o r b i t a l s o f o t h e r a tomis , and 
( c ) i n t h e i n t e r s t i t i a l n i t r i d e s , t he s m a l l n i t r o g e n a t o m s ( r a d i u s 
0 . 9 2 A ) o c c u p y some o r a l l o f t h e o c t a h e d r a l i n t e r s t i c e s i n t h e 
m e t a l l i c l a t t i c e s , w h i c h a r e g e n e r a l l y c l o s e - p a c k e d . 
There seems t o be no need f p r a r i g o r o u s c l a s s i f i c a t i o n , i n v i e w 
o f t h e f a c t t h a t t h e i r b o n d i n g i s h e t e r o d e s m i c i e . a c o m b i n a t i o n 
o f m e t a l l i c as w e l l as i o n i c and c o v a l e n t f o r c e s , o f w h i c h one 
t y p e may p r e d o m i n a t e d e p e n d i n g o n t h e c r ^ t a l s t r u c t u r e . H o w e v e r , 
c o n v e n i e n t c l a s s i f i c a t i o n d e p e n d i n g o n t h e i r p r o p e r t i e s c a n be made 
as f o l l o w s ( J a y a w e e r a , 1 9 6 9 ) o 
R e a d i l y h y d r o l y s a b l e n i t r i d e s f o r m i n g ammonia a r e c o n s i d e r e d 
i o n i c . These a r e t y p i f i e d b y l i t h i u m i n g r o u p I ( L i g N ) and t h e 
a l k a l i n e - e a r t h m e t a l s i n g r o u p ^ I X (M3N2)» The f o r m a t i o n o f n i t r i d e s 
by t h e o t h e r a l k a l i m e t a l s i n g r o u p I i s r e s t r i c t e d b y c r y s t a l s t r u c t u r e 
c o n d i t i o n s . W h e t h e r e l e m e n t s a r e c a p a b l e o f f o r m i n g s t a b l e n i t r i d e s 
i s i n d i c a t e d b y c o m p a r i n g h e a t s o f f o r m a t i o n ( K c a l . p e r e q u i v . ) 
o f c o r r e s p o n d i n g o x i d e s and f l u o r i d e s ( V a n A r k e l , 1 9 5 6 ) , w h i c h 
a r e more s t a b l e t h a n t h e n i t r i d e s , t h e i r s t a n d a r d f r e e e n e r g i e s 
v a r y i n g s i m i l a r l y w i t h t e m p e r a t u r e s ( G l a s s o n & J a y a w e e r a 1 9 6 8 ) . 
S i n c e t h e r a d i i o f 5 ^ , 0 " a n d N"^ are s i m i l a r , v a r i a t i o n s i n 
h e a t s o f f o r a a t i o n w i l l depend m a i n l y o n t h e c h a r g e o f t h e n e g a t i v e 
i o n . The e l e c t r o n a f f i n i t i e s , E , a n d c r y s t a l e n e r g i e s , U ^ . w i l l be 
a f f e c t e d , E i s e x p e c t e d t o p r e d o m i n a t e i n compounds w i t h l a r g e 
p o s i t i v e i o n s o f l o w cha rge^ so t h a t t h e h e a t o f f o r m a t i o n d e c r e a s e s 
w i t h i n c r e a s i n g n e g a t i v e i o n c h a r g e ; e . g , L i P , L i 2 0 a n d L i ^ N have 
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heats of formation of .146, 71 and 15 k c a l . per equiv. respectively. 
The sharper decrease from NaF (Juza et . a l . , 1959) to NaaO (Sainsonov, 
1965) suggests a very low value for NajN/ which i s evidently unstable 
at room temperature and has so f a r not been prepared i n l^e pure condition, 
The Madelung constant i s s igni f icant i n that i t i s unfavourable for 
LI3N and high for the f luoride. Thus, the decrease i n heat of formation 
from fluoride to nitr ide i s much greater than i n the group I I I series 
AIP3 (Stadelmaier & Tongp 1961 )p AI2O5 (Mott, 1958) and AIN 
(Guilland & Wyart, 1947), where the ni tr ide has the h i ^ e r Madelung 
constant, compared with that of L i j N . Comparison of the molecular 
suscept ib i l i t i es of Mg, Zn and Cd nitr ides shows that the polarising 
action of the metal ion decreases from Mg to Zh to Cd(Croato, e t . a l . 
1951). 
Elements with high ionic charge and small ionic radius tend to f o m 
coyalent nitr ides e.g. B, A l , Ga i n group i S and Sip Sn^ i n group T T 
of the Periodic Table. 
I n t e r s t i t i a l nitrides are foimed mainly by transi t ion metals. 
These are generally nitrogen def ic ient , nonstoichlometric compounds, 
which reta in most of the properties of the parent metal. Although 
non-metal vacancies occur i n large numbers i n these n i t r ides , there i s 
evidence for metal vacancies i n TiN (a . Brager, 1939 Straumunis^ 
e t . a l . 1 9 6 7 ) and NbN (G , Brauer, I 9 6 4 ) . Most of these compounds 
cr3rstallize in either cubic close-packed or hexagonally c l o s e -
packed structure, or i n a s l ight modification of one of these. There 
are variations i n the number of nitrogen-occupied s i t e s and their 
type (octahedral or tetrahedral) . Hence these compounds have certain 
homogeneity ranges. UN i s an extreme example, having the 
stoichiometric composition. This may be ascribed to the large radius 
- o 
(1.42A) of the uranium atom, giving r i s e to large i n t e r s t i t i a l 
( 1 1 ) 
s i t e s , t h e r e b y f a c i l i t a t i n g t h e i r o c c u p a t i o n by n i t r o g e n a t o m s . The 
c o m p o s i t i o n o f i n t e r s t i t i a l n i t r i d e s w i t h a n a r r o w r a n g e o f h o m o g e n e i t y 
i s n o t d e t e r m i n e d by t h e m e t a l v a l e n c y , i n c o n t r a s t t o some t r a n s i t i o n 
m e t a l o x i d e s , a l s o h a v i n g n a r r o w h o m o g e n e i t y r a n g e s . 
1 . 2 T r a n s i t i o n M e t a l N i t r i d e s 
These m a t e r i a l s f o r m one o f t h r e e f u n d a m e n t a l c l a s s e s o f 
r e f r a c t o r y compounds; 
( 1 ) Compounds o f m e t a l s w i t h n o n - m e t a l s , such as b o r i d e s , c a r b i d e s , 
n i t r i d e s , o x i d e s , s i l i c i d e s , p h o s p h i d e s and s u l p h i d e s ; 
( 2 ) Compounds o f non=-metals w i t h e a c h o t h e r , s u c h as c a r b i d e s , 
n i t r i d e s , s u l p h i d e s and p h o s p h i d e s o f b o r o n and s i l i c o n , 
and a l s o a l l o y s o f B and S i ; 
(3) Compounds o f m e t a l s w i t h each o t h e r , g e n e r a l l y known as 
i n t e r m e t a l l i c compounds . 
The n a t u r e o f t h e c h e m i c a l bond b e t w e e n t h e componen t s o f t h e s e 
compounds i s p r e d o m i n a n t l y m e t a l l i c o r c o v a l e n t w i t h a s m a l l 
p r o p o r t i o n o f i o n i c b o n d . These t j r p e s o f b o n d a r e e s t a b l i s h e d 
m a i n l y b y t r a n s i t i o n m e t a l s w i t h n o n - m e t a l s h a v i n g i o n i s a t i o n 
p o t e n t i a l s s u f f i c i e n t l y l ow t o a v o i d e x c l u s i v e i o n i c bond f o r m a t i o n . 
These bonds a r e a l s o f o r m e d b e t w e e n two n o n - m e t a l s a n d c e r t a i n m e t a l s 
w i t h each o t h e r . The m e t a l l i c componen t s o f r e f r a c t o r y compounds 
i n c l u d e e l e m e n t s o f t h e s u b g r o u p s J I T A t o " V I I A, g r o u p V I I I . 
l a n t h a n i d e s , a c t i n i d e s and a l u m i n i u m o The n o n - m e t a l l i c components . 
i n c l u d e l i g h t n o n - m e t a l s o f t he s h o r t p e r i o d s ( B p C p N , 0 , S i p P , S ) . 
The c h e m i c a l bond i n t h e l a t t i c e s o f t h e s e compounds ( i n a d d i t i o n t o 
t h e 5 - a n d j g - e l e c t r o n s o f t he m e t a l l i c a n d n o n - m e t a l l i c componen t s 
r e s p e c t i v e l y ) i s f o r m e d a l s o b y t h e e l e c t r o n s o f t h e d e e p e r 
i n c o m p l e t e d - and f - l e v e l s o f t h e t r a n s i t i o n metalSo I s o l a t e d 
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atoms o f m e t a l s o f g r o u p I I , t h e a l k a l i n e - e a r t h m e t a l s , do n o t 
have a n y e l e c t r o n s i n the and s h e l l s . But i n compounds w i t h 
n o n - m e t a l s , e n e r g y s t a t e s c o r r e s p o n d i n g t o t h e s e s h e l l s may o c c u r 
( S h a f f e r & Samsonov, 1 9 6 4 ; Samsonov, 1 9 6 4 ; Samsonov, 1 9 6 5 ) . 
N i t r i d e s have c o r r e s p o n d i n g l y g r e a t e r p r o p o r t i o n s o f i o n i c 
b o n d , because o f t h e h i g h e r i o n i s a t i o n p o t e n t i a l o f n i t r o g e n compared 
w i t h t h e o t h e r n o n - m e t a l r e f r a c t o r y c o m p o n e n t s . T h i s i s more e v i d e n t 
i n n i t r i d e s o f m e t a l s h a v i n g a l o w a c c e p t o r c a p a c i t y ( H o , W , R e ) , 
w h i l e t h e n i t r i d e s o f Nb, Ta and Cr show a c o m b i n a t i o n o f m e t a l l i c 
and i o n i c b o n d , w i t h t h e l a t t e r p r e d o m i n a t i n g . D e c r e a s i n g t h e 
n i t r o g e n c o n t e n t o f t h e n i t r i d e phases j . w i t h i n t h e i r h o m o g e n e i t y 
r a n g e s s t r e n g t h e n s the m e t a l t o m e t a l bonds and weakens t h e bonds o f 
m e t a l t o n i t r o g e n . F a i r l y w i d e gaps i n t h e l a t t i c e e n e r g y s t a t e s 
become p o s s i b l e and d e t e r m i n e t h e s e m i - c o n d u c t o r p r o p e r t i e s o f n i t r i d e s 
h a v i n g N - d e f i c i e n t l a t t i c e s * , 
The p r o p o r t i o n o f i o n i c b o n d i n m e t a l o x i d e s h a v i n g h i g h a c c e p t o r 
c h a r a c t e r i s t i c s ( T i , Z r , H f , V ) i s r a t h e r l e s s t h a n i n t h e c o r r e s p o n d i n g 
n i t r i d e s , because o x y g e n h a s a l o w e r i o n i s a t i o n p o t e n t i a l t h a n n i t r o g e n . 
These d i f f e r e n c e s w i l l be more p r o n o u n c e d f o r t he l o w e r o x i d e s . 
The s econd c l a s s o f r e f r a c t o r y compounds i n c l u d e s b o r o n and s i l i c o n 
n i t r i d e s (Thompson & V o o d , 1963 ; P o p p e r & R u d d l e s d e n , 1 9 5 7 ; H a r d i e 
& J a c k , 1 9 5 7 ; G i l l & S p e n c e , 1 9 6 2 ) . T h e i r bond c h a r a c t e r i s a l s o 
h e t e r o d e s r a i c , b u t w i t h c o v a l e n t bond p r e d o m i n a t i n g . T h e y have s e m i -
c o n d u c t o r p r o p e r t i e s as w e l l as h i g h e l e c t r i c a l r e s i s t a n c e a t room 
t e m p e r a t u r e . G e n e r a l l y , t h e i r s t r u c t u r e c o n s i s t s o f l a y e r c h a i n o r 
s k e l e t a l s t r u c t u r a l g r o u p s o r p a t t e r n s , a n d t h e y e i t h e r m e l t w i t h 
d e c o m p o s i t i o n o r decompose b e f o r e r e a c h i n g t h e m e l t i n g p o i l i t . 
T h r e e t y p i c a l e l e m e n t s o f g r o u p s J I and T T I , name ly Be , Mg a n d A l 
a r e i n t e r m e d i a t e i n t h e i r a b i l i t y t o f o r m r e f r a c t o r y m e t a l - l i k e and 
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n o n - m e t a l l i c compounds . F a i r l y r e f r a c t o r y s e m i - c o n d u c t o r s a r e g i v e n 
w i t h n o n - m e t a l s ( S h a f f e r & Samsonov, 1 9 6 4 ) 0 Thus b o r i d e s o f Be, Mg 
and A l and a l s o A I N . These t h r e e m e t a l s a l s o c a n f o r m i n t e m e t a l l i c 
compounds . 
1 . 3 R e l a t i o n s h i p Be tween B o n d i n g a n d C r y s t a l S t r u c t u r e 
o f B i n a r y Compounds 
An acco\Lnt o f some o f t h e a t t e m p t s t o e x p l a i n t h e b o n d i n g a n d 
c r y s t a l s t r u c t u r e c h a r a c t e r i s t i c s o f r e f r a c t o r y compounds i s 
i n c l u d e d i n t h e f o l l o w i n g s u b s e c t i o n s , , The n i t r i d e s o f m e t a l s o f t h e 
f i r s t t r a n s i t i o n s e r i e s a r e r e v i e w e d b y J u z a ( l 9 6 6 ) o 
1 . 3 n 1 H a g g ' s R u l e o f R a d i u s R a t i o L i m i t 
A c c o r d i n g t o Hagg ( l 9 3 0 , 1931 a - b , 1 9 5 3 ) , b i n a r y i n t e r s t i t i a l 
compounds o f t h e t r a n s i t i o n e l e m e n t s h a d s i m p l e o r " n o r m a l " s t r u c t u r e s 
when t h e r a d i u s r a t i o , '^j^t o f t h e n o n - m e t a l and m e t a l a toms was 
l e s s t h a n 0 o 5 9 : 1 w i t h the n o n - m e t a l a toms o c c u p y i n g t h e i n t e r s t i c e s 
o f t h e o r i g i n a l m e t a l l a t t i c e . When t h e r a d i u s r a t i o exceeds t h i s 
f i g u r e , t h e s t r u c t u r e s become more c o m p l i c a t e d , b u t s t i l l r e t a i n 
m e t a l l i c c h a r a c t e r i s t i c s . H i g h e r n o n - m e t a l l i c c o n c e n t r a t i o n s i n c r e a s e 
t h e u n i t c e l l d i m e n s i o n s o f t h e i n t e r s t i t i a l phase s , e f f e c t i v e l y 
m a k i n g t h e r a d i u s r a t i o l e s s f a v o u r a b l e f o r n o r m a l s t r u c t u r e s . I t 
has b e e n i n d i c a t e d t h a t t h e l i m i t i n g r a d i u s r a t i o r u l e i s v a l i d 
o n l y f o r c a r b i d e s , t h e n i t r i d e s g e n e r a l l y h a v i n g l o w e r r a d i u s r a t i o s 
( S c h w a r z k o p f & K i e f f e r , ' 1 9 5 3 ) o 
U s u a l l y , t h e m e t a l a toms i n t h e i n t e r s t i t i a l compounds a r e 
a r r a n g e d d i f f e r e n t l y f r o m t h e o r i g i n a l m e t a l l a t t i c e s . The n o n - m e t a l 
a toms o c c u p y t h o s e i n t e r s t i c e s w h e r e t h e y c a n r e m a i n i n c o n t a c t w i t h 
t h e m e t a l a t o m s . The f a c e - c e n t r e d c u b i c , c l o s e - p a c k e d h e x a g o n a l a n d 
b o d y - c e n t r e d c u b i c l a t t i c e s have two t y p e s o f i n t e r s t i c e s , t e t r a h e d r a l 
and o c t a h e d r a l w i t h c o - o r d i n a t i o n numbers o f 4 and 6 r e s p e c t i v e l y , 
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The octahedral hole i s perfectly regular i n the two close-packed 
structures (face-centred cubic and close-packed hexagonal) hut 
has tetragonal sjrmmetry i n the body-centred cubic s t r u c t u r e . The 
only i n t e r s t i c e s of the simple hexagonal u n i t c e l l are the large 
octahedral (6-fold co-ordinated) s i t e s a t the centres of trigonal 
prisms of metal atoms. 
I n the i n t e r s t i t i a l structures, not a l l of the holes of one 
type are n e c e s s a r i l y occupied, so that many homogeneous phases 
show wide composition ranges. Nevertheless, homogeneity ranges 
of phases often^approximate to some simple stoichiometric 
composition corresponding to the occupation of a d e f i n i t e f r a c t i o n of 
the number of a v a i l a b l e i n t e r s t i c e s . I n the cubic close-packed 
l a t t i c e , the large octahedral s i t e s are occupied only i f the radius 
r a t i o exceeds 0.41:1. Many mononitrides and monocarbides (OT-
type) have radius r a t i o s within the range 0.41 - 0.59:1, and have 
r o c k - s a l t structures i r r e s p e c t i v e of whether the parent metal has 
a cubic close-packed s t r u c t u r e or not (Rundle, 1948). 
1.3.2. Paulin/g^Rundle Theory 
Rundle (l948) suggested that the metal to non-metal bonding 
i s octahedral, with s i x equal bonds being d i r e c t e d from the non-
metal towards the comers of an octahedron. He applied Pauling's 
basic concept of resonance of four covalent N- or C- bonds 
amongst the s i x positions (Pauling, 1938, 1940, 1947, 1948, 1949; 
Pauling and Ewing, 1948). The concept of h a l f bonds i s introduced, 
where an electron pair i n an atomic o r b i t a l i s used to form two bonds. 
I n Rundle's theory the non-metal atom can achieve an octahedral 
arrangement i n two ways: ( i ) two equivalent ^  hybrid o r b i t a l s form 
electron pair bonds and hybridize with four half-bonds given by the 
two remaining £ o r b i t a l s . 
(15) 
( i i ) the three 2£ o r b i t a l s form s i x half-bonds, and an e l e c t r o n 
pair occupies the 2s o r b i t a l . I n each case, the r e s u l t i n g s i x bonds 
have an octahedral arrangement, which exemplifies the r o c k - s a l t 
structure of the compounds* The d i r e c t i o n a l nature of the bonds 
explains the b r i t t l e n e s a and hardness of these materials, 
Rundle also points out that there i s a marked increase i n 
metal-metal distances, when r e f r a c t o r y i n t e r s t i t i a l compounds are 
formed. This observed increase indicates a weakening of the metal-
metal bonds. Therefore, electrons are drawn away from the metal-
metal bonds and u t i l i z e d for the formation of metal to non-metal 
bonds. The high melting points of these i n t e r s t i t i a l phases, therefore, 
can be ascribed to the high strengths of the metal-nonmetal bonds. 
A c r i t i c a l appraisal of the Pauling's theory of metals has been 
made by Hume-Rothery ( l 9 4 9 ) o He has a l s o c r i t i c i s e d Rundle's theory, 
Hume-Rothery (l953). has argued that the occupation of the octahedral 
s i t e s by the non-metal would be equally v a l i d i n a hexagonally closed-
packed l a t t i c e . The face-centred cubic s t r u c t u r e , however, has been 
adopted because i n t h i s structure, the metal too has mutually 
perpendicular covalent bonds directed to i t s s i x neig^ibouring non-
metal atoms, a s i t u a t i o n not present i n the hexagonal structure, ( i n 
the l a t t e r , the octahedral s i t e s around a metal atom form a t r i a n g u l a r 
prism). 
1,3.3 Application of Band Theory 
The tatid theory of metals has been applied by B i l z (l958) 
and Denker (l968) to elucidate the e l e c t r o n i c s t a t e s for r e f r a c t o r y 
materials. Thus, m e t a l l i c character i s expected to develop with 
increased electron occupation of the d-band i n the s e r i e s SiN, TiN, 
VN. This i s supported by nuclear magnetic resonance measurements on 
ScN and VN (Kume & Yamagishi, 1964), However, the expected increase 
i n m e t a l l i c character i s not supplemented by the trend i n e l e c t r i c a l 
conductivities (Nemchenko e t , a l . 1962). 
(16) 
Goodenough (l963, pp, 2 6 6 - 2 6 7 ) has termed n i t r i d e s with a rock-
s a l t structure as " i o n i c compounds with m e t a l l i c conductivity", and 
i n p a r t i c u l a r r e l a t e d to ihe oxideso The bond i s p a r t l y i o n i c because 
of the e l e c t r o -negativity difference between the metal and nitrogen, 
and also p a r t l y covalento According to Goodenough (1960), i n the 
m e t a l l i c bond i n t r a n s i t i o n metals and t h e i r compounds, the e l e c t r o n 
d i s t r i b u t i o n between l o c a l i s e d and more d e l o c a l i s e d bonding s t a t e s 
i s determined by a c r i t i c a l interatomic distance of 2 , 9 A . Above 
t h i s separation the electrons are l o c a l i s e d , but below i t they are 
present as " c o l l e c t i v e " electrons. E l e c t r i c a l conductivity i s 
associated with p a r t i a l f i l l i n g of the Jb2g- taads by c o l l e c t i v e 
electrons, and i s limited to compounds where the metal-metal 
o 
distances are l e s s than 2c9A. N i t r i d e s possessing r o c k - s a l t s t r u c t -
ure are formed only i f three or l e a s _d-electrons are a v a i l a b l e i n 
the formally t r i v a l e n t cation, when the e ^ - o r b i t a l s are empty 
and the J 2 g - o r b i t a l s are e i t h e r h a l f or l e s s than h a l f f i l l e d . 
Great e l e c t r o n e g a t i v i t y differences produce a large forbidden zone, 
with the bonding electrons belonging mainly to the nitrogen s u b - l a t t i c e 
Thus, i n case of ScN, the bonding s.-^  and ^ - e l e c t r o n s are 
predominantly on the nitrogen^ Decreasing e l e c t r o n e g a t i v i t y differences 
confer a stronger eg; cliaracter on the bonding electrons. Increasing 
covalent bond character may lead to -cation-anion-cation i n t e r a c t i o n , 
e.g. CrN. Special bonding r e l a t i o n s h i p s intermediate between the two 
extremes e x i s t for ^-CrN ( r o c k - s a l t l a t t i c e ) . T r a n s i t i o n from 
cubic to orthorhombic symmetry i s associated with l o c a l i s a t i o n of 
the covalent bond and accords with changes i n magnetic properties 
(Goodenough, 196O, p , U 4 2 ) . Nitrides of the Perovskite type, H4N 
(H= Pe or Mn) are c l a s s i f i e d by Goodenough (1963) as i n t e r s t i t i a l 
a l l o y s , where the metal-nonmetal bond i s predominant i o O o N i s 
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probably present as a n e u t r a l atomo This agrees with Kuriyama's 
determination of the N atomic s c a t t e r i n g f a c t o r i n Mn4Np showing 
nitrogen to be present as N*^  or N^" (Kuriyama^ e t o a l , 1963)o 
These r e s u l t s c o n f l i c t with E l l i o t t ' s ( 1 9 6 3 ) determinations for 
Pe-Np which indicate N^ "* as the probable specieso Mekata ( l 9 6 2 ) 
based h i s q u a l i t a t i v e band scheme for!£-Mn4N on neutron 
d i f f r a c t i o n study* I t i s a modification of Goodenough's scheme 
for cubic face-centred manganese^ d i f f e r i n g i n the energetic 
arrangement of the eg- and t 2 g - bands r e l a t i v e to one another. 
Ubbelohde-Samsonov Theory 
Ubbelohde (l932p 1937) presented evidence for the i n t e r s t i t i a l 
d i s s o l u t i o n of hydrogen i n palladium, tantalum and titanium. He 
assumes that hydrogen dis s o l v e s i n the form of atoms which are 
subsequently ionized, and the electrons of dissolved hydrogen 
go into the vacant l e v e l s of, the d,- band of the t r a n s i t i o n metal* 
Thus, the metal i s the acceptor and hydrogen the donor« Umanskii 
(1943) extended th i s to carbides and n i t r i d e s * This i s expected, 
because the ioniz a t i o n potentials of carbon and nitrogen are of 
the same order as that of hydrogen* Further support for t h i s theory 
i s provided by Seith & Kubaschewaki ( l 9 3 5 ) and P r o s v i r i n ( l 9 3 7 ) 
who demonstrated the i o n i c character of dissolved carbon and nitrogen 
i n ironp K i e s s l i n g ( l 9 5 0 ) makes a s i m i l a r conclusion from a study 
of borides* Ho has suggested that the a b i l i t y of the non-metal 
to donate electrons increases i n the order, OpN»C,B,Si ( K i e s s l i n g , 
1954» 1959)0 The importance of bond lengths has a l s o been emphasized 
by K i e a s l i n g ( l 9 5 7 ) . One of the prime requirements f o r m e t a l l i c 
bond formation i s that the metal atoms should not be too f a r apart* 
(18) 
This explains why small non-metal atoms only may form i n t e r s t i t i a l 
compounds with t r a n s i t i o n metalso 
Further development by Samsonov (l953aj 1956 a-c, 1964 b, 1965), 
implied that the bonding between the t r a n s i t i o n metal and the non-metal 
i n r e f r a c t o r y compounds i s e s s e n t i a l l y m e t a l l i c i n character. 
S i m i l a r theory has been described by Neshpor (l964) and Samsonov fib 
Neshpor (l958, 1959)^ This involves t r a n s f e r of non-metal valency 
electrons into the electron cloud of the compound, a t l e a s t p a r t i a l l y 
f i l l i n g the electron-defect of the metal atoms. The a d d i t i o n a l f o r c e s 
of the donor-acceptor i n t e r a c t i o n g r e a t l y strengthen the interatomic 
bond. Thus^Jack (l948) and Clarke & Jack ( l 9 5 l ) i n t e r p r e t the 
structure of iron, cobalt and n i c k e l n i t r i d e s , carbides and 
carbonitrides on the basis of e l e c t r o n t r a n s f e r from the i n t e r s t i t i a l 
C and N atom to the metal l a t t i c e . 
The degree of p a r t i c i p a t i o n i n the bond (of incomplete d,-
and electron l e v e l s ) and the d i s t r i b u t i o n of e l e c t r o n concentration 
i n the c r y s t a l l a t t i c e i s expressed by the quantity I/NU P termed 
by Samsonov as "acceptor a b i l i t y " . I n t h i s expression, N i s the 
p r i n c i p a l quantum number of the; incomplete s h e l l of ^- or JF- electrons 
and a i s number of such el e c t r o n s . A high acceptor a b i l i t y favours 
a high electron concentration i n the c r y s t a l l a t t i c e , i . e . greater 
m e t a l l i c character. Decreasing acceptor a b i l i t y causes corresponding 
decreases i n e l e c t r i c a l conductivity (Schaffer & Samsonov, 1964), 
heat of formation, l a t t i c e energy and hardness (Sarkisov, 1947; 
Sarkisov, 1954; Baughan^ 1959? Shulishova, 1962)^ 
The e s s e n t i a l l y m e t a l l i c character of the interatomic bond 
i s comparable with the Hume-Rothery electron phases, the nature of the 
c r y s t a l structure depending on the e l e c t r o n concentration ( K i e s s l i n g , 
(19) 
1954, 1958; Robins, 1958), Increasing concentration produces a 
sequence of c r y s t a l l a t t i c e s , v i z . , body-centred cubic, base-centred 
hexagonal, face-centred cubic, simple hexagonalp for s i m i l a r 
atomic r a d i i r a t i o s ^ x * m ' where X = BpSi,C,Nc The face-centred 
cubic l a t t i c e , most c h a r a c t e r i s t i c of group IVA and VA metal carbides 
and n i t r i d e s corresponds to an electron concentration of 5.5 to 6 
electrons per atom. Nevertheless, formation of c r y s t a l s t r u c t u r e s 
c h a r a c t e r i s t i c for metal compounds does not n e c e s s a r i l y a r i s e from 
the t r a n s i t i o n a l nature of their atomic components. Thus, n i t r i d e s 
of rare-earth metals are mainly i o n i c ( J a n d e l l , 1956; Klemm & 
Winkelmann, 1956), yet c r y s t a l l i s e i n face-centred cubic (rock-
s a l t ) l a t t i c e , s i m i l a r to monoborides and monocarbides of group 
IV and V t r a n s i t i o n metals having m e t a l l i c properties, 
Weiner and Berger (l955) demonstrated that the occupation of 
incomplete d-shells of the metal atoms by electrons donated frcm 
the non-metal atoms reduced the magnetic moment. Results f o r Pe,Co 
and Ni n i t r i d e s suggested donation of about three electrons by each 
nitrogen atom* The nitrogen was regarded as a po s i t i v e ion or as 
forming a covalent bond by i n t e r a c t i o n of the electrons of N 
with the unpaired d- electrons of the nearest neighbour atom<, 
There have been only limited studies of the energy spectrum of 
electrons i n m e t a l l i c compounds, ^  These include an approximate quantum 
mechanical an a l y s i s of the electron s trueture of tiie i n t e r s t i t i a l phase:? 
TiC and TiN ( B i l z , 1958) and investigations of the X-ray spectra of 
Ti,V,Nb, and Cr n i t r i d e s ^Vanyshteyn & Va^U »yeVp 1957; Vanyshteyn 
& Zhurakovskiy, 1958, 1959; Nemnonov & Men^'shikov, 19591 Korsunskiy 
& Genkin, 1958; Karal'nik e t . a l . , 1959)o The l a t t e r are inter p r e t e d by the 
( 2 0 ) 
s p l i t t i n g of the 3d- l e v e l into jtpg^ and e^- l e v e l s by tiie c r y s t a l 
f i e l d i n the octahedral environment. 
1.4 Relationship between Bonding & C r y s t a l Structure 
of Ternary Compounds 
The ternary compounds so f a r examined have been c l a s s i f i e d 
by Juza ( l 9 6 6 ) and their properties are summarised by Glasson & 
Jayaweera (1968 , pp. 7 0 - 7 1) in r e l a t i o n to what i s knovm of t h e i r 
c r y s t a l s t r u c t u r e s . 
1.5 Production of N i t r i d e s 
1.5.1 Methods of Production 
There are a number of diverse methods a v a i l a b l e f o r preparing 
met a l l i c n i t r i d e s e This i s due mainly to g r e a t differences i n thermal 
s t a b i l i t y , associated i n turn with heats of formation. Nitrides can 
be prepared by heating the elements i n a nitrogen, ammonia or nitrogen 
and hydrogen atmosphere (Mellor, 1927, P c 9 7 ; Soliman, 1951; Juza, 
1966; Brown, 1 9 6 4 ) . Variations of these methods include heating the 
metal amalgams, e.g^i Cap Ba, Mn and Fe, or the metal oxide and 
aluminium or magnesium, e .gc Ce, La^ Nd, Pr and U, or the metal 
oxides and carbon, e^gc Mgp and Sic Sometimes, hov;ever^heating metal 
carbides i n nitrogen produces carbonitrides such as cyanides and 
cyanamides, e.g. i n the case of Tip Hf (Portnoi & L e v i n s k i i ^ 1 9 6 3 ) , 
Ca,Sr, Bft/Cjchet, I 9 3 l)e An advantage of using ammonia (or nitrogen 
and hydrogen mixtures) over nitrogen i s that the reaction i s c a r r i e d 
out i n a reducing atmosphere and thus the formation of oxide 
impurities i s kept to the minimum^ Oxygen must be scrupulously 
avoided since i t cannot be eliminated from the n i t r i d e phase 
(Parr, 1 9 6 8 ) . Nitrides may be obtained also by decomposing suitable 
( 2 1 ) 
metal amides, e.g. Co (Schmitz-Dumont, 1956) and Ni(Vatt 
& Davies, 1943), The reaction between a metal oxide and ammonia 
to form the n i t r i d e i s the r e v e r s a l of the hydrolysis of the n i t r i d e . 
Thus, mercury n i t r i d e (Glasson, 1949) and gallitun ni^tride (Lorenz 
& Binkowski, 1962) are formed i n t h i s manner. 
Tra n s i t i o n metal n i t r i d e s are produced generally by the act i o n 
of nitrogen or ammonia on the respective metals or t h e i r hydrides, 
oxides or ha l i d e s . ..A c l a s s i c a l method for preparing t r a n s i t i o n 
metal n i t r i d e s i s the reaction of m e t a l l i c oxides, e.g. Ti02, with 
nitrogen i n presence of Carbon^ This process was used by P r i e d e r i c h 
and S i t t i g (l925) but did not lead to pure products. Very pure 
carbide-free n i t r i d e s are best obtained by heating the metal powders 
under very pure nitrogen or ammoniao N i t r i d a t i o n of metals by 
nitrogen or ammonia gas has become more important with the increased 
a v a i l a b i l i t y of high purity metals^ Besides conventional heating 
techniques, high frequency induction heating has been employed i n 
tr a n s i t i o n metal n i t r i d e productiono I n the i o n i t r i d i n g process an 
e l e c t r i c glow discharge i s u t i l i s e d i n s p l i t t i n g up molecular nitrogen 
(Beisswenger, 1958; Bemhard Berghaus, 1961; Laplauche, 1963; S t e r l i n g 
and Swann, 1965; S t e r l i n g e t . a l . , 1966). 
The decomposition of metal amides or imides, may be used as means 
of obtaining n i t r i d e s . Other preparative methods include heating 
an ammonium metallate i n ammoniap the act i o n of cyanogen gas or 
dinitrogen t r i o x i d e on the metal, the r e a c t i o n between a metal s a l t 
i n l i q u i d ammonia dnd a reducing metal, and by double decomposition with 
another n i t r i d e . 
Molten s a l t bath n i t r i d i n g i s used widely i n d u s t r i a l l y to obtain 
(22) 
thin protective n i t r i d e coatings. The bath u s u a l l y contains a 
cyanide or cyanate of an a l k a l i metal r e a c t i n g with a t r a n s i t i o n 
metal or one of i t s a l l o y s , e.g., Pe and i t s a l l o y s . Vapour phase 
deposition i s one of the widely used methods of i n d u s t r i a l n i t r i d a t i o n 
(Campbell e t . a l . , 1949, 1952; Powell et<.al., 1966). This process 
involves the use of a v o l a t i l e metal s a l t such as the chloride with 
ammonia or nitrogen and hydrogen. A thin and uniform coating of 
n i t r i d e on machine parts i s produced by t h i s method, which i s 
e s p e c i a l l y employed with t r a n s i t i o n metal n i t r i d e s . An exploding 
wire technique a l s o has been described (Joncich e t . a l , , 1966). 
The more st a b l e n i t r i d e s e.g., Ti,Zr,Hf,V and Ta, may be 
deposited d i r e c t l y on heated surfaces from gaseous mixtures of 
suitable v o l a t i l e metal halides and nitrogen and hydrogen (Van Arkel 
&de Boer, 1925; Agte & Moers, 1931; Becker, 1933; Van Arkel, 1934; 
Pollard & Woodward, 1948; Munster & Ruppert, 1953; Munster, 1957). 
This method i s preferred, p a r t i c u l a r l y when metal surface n i t r i d a t i o n 
slows down considerably a f t e r formation of a t h i n s k i n of n i t r i d e . 
Several hours are required f o r coatings of more than one or two mm 
thickness, unless much higher temperatures are used to ensure adequate 
d i f f u s i o n across the n i t r i d e l a y e r . Small TiN c r y s t a l l i t e s have 
been obtained i n the cooled anode c a v i t i e s , when T i C l ^ i s introduced 
into the nitrogen-argon stream ofaplasma b\imer (Stokes 6k Knipe» 
1960; Opfefmann, 1964). Hydrogen i s not required, since the elements 
are ionised i n the plasma beamc 
A summary of t r a n i s i t i o n metal n i t r i d e production methods i s given 
i n Table 1.1, which also includes a s e l e c t i o n of references to methods 
of producing these compounds?-
(23) 
Table 1.1 Methods of Tra n s i t i o n Metal Nitride Production 
METHOD \ 
... _ ' 
1) Action of \ 
Nitrogen (orAir) 
on:-
(a) Metal 
METALS NITRIDRD REFSREHCES 
(b) Oxide I 
(c) Oxide & Al or i 
Mg i 
(d) Oxide & Carbon| 
(e) Hydride i 
i 
( f ) Bori/de I 
2) Action of j 
Ammonia or ! 
nitrogen & • 
hydrogen mixture' 
on :— 
(a) metal 
(b) oxide 
(c) boride 
(d) hydride 
(e) Metal s a l t & 
reducing metal 
with l i q u i d 
ammonia 
( f ) Ammonium 
metallate 
3) Action of cyan-i 
ides & cyanates | 
on metal 
(or a l l o y ) I 
T i , 2r, Y, U, 
Cr, Mn,rare 
earth metals^ 
Ta, Pe, Th, Co, Sc 
Zr 
Ce, La, Hb, U. Zr 
S i , T i , V, Sc 
T i , 3 i , V, 13, ru 
Cr, Fe 
i (Samsonov e t . a l . , 1959 b, 
( 196la) K i r c h e v e k i i & Khazanova 
! (1950); 
Lyntaya & Sansonov ( l 9 6 4 ) ; 
Campbell e t . a l . , ( l 9 4 9 ) ; 
i Evans (l965) 
T i , Ni, 
S i , Nb, 
U, Cr, 
T i . In, 
Ga 
Cr, Fe, 
S i 
Ga, I n , 
Fe, Co, 
Ru, Rh, 
Os, I r , 
Nb, Ta, 
Fe. Re, 
Ce, 
Mn, 
Coc-
La, 
Fe, 
Ga 
Mo,W 
W, Cu, Nb 
V/. 
TI, 
Ni, 
Pd 
F t 
U, Cr, 
Fe and i t s a l l o y s : 
Lyntaya & Samsonov (196-1) 
Kerr.pter et. a l . , ( l 9 5 7 ) : 
Anselin A Pascard (1963) 
Samsonov (1964 a, pp. 312-19) 
i t . a l . , (1959} 
l l i p o t ( l i.^. V.963); 
(1952); 
jl959) 
Nexagebauer e" 
Horeau & Phi 
Sept i e r e t . a l 
Deeley (1964) 
Neugebauer e t . a l . , 
Lyntaya & Samsonov (1964): 
Lorentz & Binkowski (1962); 
K i e s s l i n g & L i u ( l 9 5 l ) 
S t e r l i n g & Swann (1965); 
S t e r l i n g e t . a l , (1966) 
Schneider e t . a l . (l963) 
j l 9 6 l a ) ; 
964); 
Samsonov e t . a l . 
Funk & Boehland 
Hahn & Konrad ( l 9 5 l ) ; 
Neugebauer e t . a l . ( l 9 5 l ) 
M i t c h e l l Dawes (l964); Minkevich 
Albrecht i 
(1964); 
>hieller (1963); 
( 2 4 ) 
1.5.2 Thermodynamics of Nitride Production 
Although the extensive thennodynamic properties such as enthalpy 
and free energy of elements and t h e i r compounds cannot be measured 
absolutely, i t i s possible to estimate r e l a t i v e changes i n these 
properties when a chemical reaction takes place. The standard free 
energy change ^ G^, for a p a r t i c u l a r r e a c t i o n affords a d i r e c t 
quantitative measure of the extent to which the reaction may proceed. 
The s t a b i l i t y of the n i t r i d e s and t h e i r production at variotis 
temperatures are related to t h e i r standard f r e e energies of formation, 
^O^tj, (Margrave & Sthapitanonda, 1955). I f data i s compiled f o r the 
reactions of some of the t r a n s i t i o n elements with nitrogen, the 
r e l a t i v e a f f i n i t i e s of these elements can be ascertained by plot-ting 
the standard f r e e energy change per gram equivalent of the element ' 
as a function of . temperature ( i n OKK This graphical method of 
presentation, the Ellingham diagram (l944)> r e a d i l y i n d i c a t e s the 
f e a s i b i l i t y of a reaction over a p a r t i c u l a r temperature range and 
also the compatibility of materials a t high temperatures. The more 
negative values of standard f r e e energies i n d i c a t e s t a b l e r compounds. 
I n P i g . l . l ^ the values of Z^G^'fji are compared for a s e l e c t i o n of 
t r a n s i t i o n metal n i t r i d e s on an Ellingham diagram, using data compiled 
by Wicks & Block (l 9 6 3 ) ; see a l s o Pearson & Ende (l953) and Olette & 
Ancey-Horet ( l 9 6 3 ) . Nitrides of t r a n s i t i o n metals belonging to group 
IV and V have the greatest s t a b i l i t y . T h i s progressively decreases for 
n i t r i d e s i n the lower groups and f o r t r a n s i t i o n metals i n groups 71 
to V I I I . The i r o n n i t r i d e s , PegN and Fe^N are r e l a t i v e l y unstable, having 
positive A.G°T values f o r a f a i r l y wide temperature range. By 
comparison, ammonia i s l e s s s t a b l e than most n i t r i d e s . 
(25) 
Figure /,(. ^ ^ e e t > i e ^ ^ ^ FornicCt^e^ of f^fhides 
an-
Prom Figure 1.1 the standard f r e e energy changes for the reaction 
of metal with ammonia ( to form the n i t r i d e and hydrogen ) can also 
be compared for d i f f e r e n t metals. Thus for titanium n i t r i d e , the 
value of G°,p for the reaction, 
^ T i + i NH3 = 4r TiN + ^ 2 
i s the difference between the values f o r the r e a c t i o n s : -
i T i + 1/6 Ng = i TiN 
and "i" H2 + 1/6N2 = i NH3 
Hence the difference between the graphs f or ^  TiN and y NH5 i n 
Figure 1.1 in d i c a t e s the r e l a t i v e ease of n i t r i d e formation from the 
metal + ammonia, vrtien the materials are i n t h e i r standard s t a t e s . 
From the thermochemical data, i t i s evident that a l l the metal n i t r i d e s 
can be formed from the metal and ammonia, except Pe2N and Pe4N, at 
lower temperatures. However, although e n e r g e t i c a l l y possible, these 
reactions may be k i n e t i c a l l y unfavourable, as thermodynamics does 
not give any information regarding the rate of the processes under 
consideration. This applies e s p e c i a l l y to s o l i d s t a t e reactions, where 
the number of v a r i a b l e f a c t o r s i s hi^h, e.g., s o l u b i l i t y of the gases 
i n the various s o l i d pheises, formation of binary and ternary compounds, 
adherence of compound layer on to the metal. The l a s t of these 
f a c t o r s i s important i n the k i n e t i c s of the reaction as discussed l a t e r 
i n s e c t i o n 1.6.2„ 
A plot of free energy data f or the oxidation of some t r a n s i t i o n 
metal n i t r i d e s i s presented i n Figure 1,2, which shows that the oxida-
tion products are appreciably s t a b l e r than the corresponding n i t r i d e s , 
e s p e c i a l l y at low temperatureSo 
(27) 
6eo 9oo 12c o 
1,6 K i n e t i c s of Metal N i t r i d a t l o n 
1.6,1 Rate of N i t r i d a t i o n 
N i t r i d a t i o n rates are expected to confonn to the same p r i n c i p l e s 
as applied f o r metal oxidations (Kubaschewski & Hopkins, 1962), A number 
of r e l a t i o n s h i p s are knoi/n which r e l a t e the extent of n i t r i d a t i o n 
(or oxidation) with, reaction time. They give the weight increase per 
unit surface area, m, as a function of timsp to 
The simplest r e l a t i o n s h i p which i s the l i n e a r one, namelyj: 
m = K H ; 
where K" i s a constant. Since the weight increase per un i t area i s 
proportional to the thickness of the n i t r i d e ( o r oxide) f i l m , x» *^  
and t h i s i n turn i s proportional to the decrease i n thickness of 
the metal, x» above equation can be w r i t t e n as^ 
y= Kt 
Where K a constant. 
The parabolic law, generally encountered at higher temperatures 
can be stated as follows: 
y2 = i;t + c 
I t gives a s t r a i g h t l i n e when the square of the weight gain i s plotted 
against time; a non-zero valve of constant £ implies an i n i t i a l induction 
period. Factors causing s l i g h t deviations from the parabolic r a t e law 
i n the e a r l i e r r eaction stages are probably s i m i l a r to tiiose encountered 
i n metal oxidations (Gulbransen & Andrew, 1951), v i z , , decreases i n 
surface heterogeneity and s p e c i f i c surface as the reaction proceeds, 
impurity concentrations, changes i n l o c a l surface temperatures caused by 
the heat of reaction, s o l u b i l i t y e f f e c t s and possible changes i n 
n i t r i d e composltiono 
(29) 
other r e l a t i o n s h i p s described are, cubic, logarithmic and 
inverse logarithmic. A single n i t r i d a t i o n curve may have combinations 
of two or more of the above r e l a t i o n s h i p s , e.g.^the n i t r i d a t i o n of 
a metal or a l l o y may begin p a r a b o l i c a l l y and continue l i n e a r l y . 
This i s termed a paralinear relationshipo 
1.6.2 Factors Affecting the Rate of Reaction 
I n the d i r e c t n i t r i d a t i o n of metals a n i t r i d e layer i s formed 
between the metal and i t s gaseous environment. The reactants have 
to pass through t h i s b a r r i e r i f the reaction i s to continue and 
the n i t r i d e l a y e r to grow. The o v e r a l l r a t e of a r e a c t i o n may be 
influenced by one or more of the following type of rates s-
1) the r a t e of supply of reacting gas to the outer surface 
of the n i t r i d e l a y e r . 
2) the r a t e of transport of reacting species through the n i t r i d e 
l a y e r . 
3) the rate of r e a c t i o n between metal and nitrogen forming 
n i t r i d e . 
Each of the above ra t e s i s governed by f a c t o r s such as temper— 
attire, external gas pressure, defects i n the n i t r i d e s t r u c t u r e , e t c . 
The slowest of the above ra t e s i s the rate-determining step. 
The mechanical s t a b i l i t y of the n i t r i d e l a y e r i s Important i n 
determining rate and extent of n i t r i d a t i o n . The strength of the l a y e r 
on the metal depends on the differences i n molecular volume and type 
of c r y s t a l l a t t i c e of the product l a y e r compared with the o r i g i n a l 
metal ( F i l l i n g & Bedworth, 1923)» and a l s o on the rate of n i t r i d e 
s i n t e r i n g . Higher temperatures enhance s i n t e r i n g , i e . , they promote 
r e c r y s t a l l i s a t i o n of newly formed n i t r i d e , but also increase evaporation 
(30) 
of the metal below the nitride layer. This i s exemplified by 
electropolished magnesium in very pure nitrogen (Gregg & Bickley, 1966), 
at 10 cm mercury pressure above 500^„ Such evaporation i s usually 
absent in the nitridation of transition metals as they have very higji 
evaporation temperatures. (Table 1,2) 
Table 1.3 summarises molecular volume and crys ta l la t t i ce 
changes accompanying nitridation of some of the transit ion elements. 
The calculations are based on X-ray data compiled by Taylor & Kagle 
(l963)» and checked experimentally, densities being deduced from 
metal and nitride crys ta l structures existent at temperatures hormally 
used for ni tr idat ion. Volume changes are expressed as fractions of 
the original metal volume, allowing for weight increases during 
nitr idation, expansions and contractions are indicated by + and -
signs respectively. In Table 1.4 these changes are recorded for 
conversion of the nitr ides to their corresponding stable oxides. 
Where small decreases in unit c e l l s ize are caused by sintering of 
the newly-formed ni tr ide or oxide, the lowest l imit ing value i s 
recorded. 
(31) 
TAble 1.2 Evaporation Temperatares 
of some Tranaition Metals 
Metal 
Evaporation Temperature * 
• 
1 
\ 
» 
1 
i Titanium 1703 1980 
: Zirconium 2397 2670 
1 Vanadium ( l ) 1345 2118 
\ Niobium 2500(M.PC) 
p = lo85,-Sf 
2773 
Tantalum 2996 ( H , P J 
p = 5oO^^ 
3269 ( M O P . ) 
Chromi\im 1392 1665 
Molybdenum ( l ) 2577 2850 
Tungsten \ 3334 36C7 
* The evaporation ^temperature i s taken as the temperature at which 
a vapour pressure of 0*01 torr or 10^ i s attained*, 
( l ) indicates that the material i s l iquid at the speci f ied 
temperature* 
NoteBo ( l ) D&ta reproduced from Powell, Oxley & Blocher, J r . , 1966, 
pp. 224-25o 
(2) Unlike the above transit ion metals, magnesium readi ly 
undergoes evaporation due to i t s lower evaporation 
temperature, i . e . , 442 
(32) 
Table 1 o 3 Fractional Volume and 
Crystal Latt ice Changes on Witridation 
j 
. . , : Fraction-
Element 
1 
1 Nitride 
1 
wxTiFiae a l 
Volume 
Change 
Crystal 
Latt ice 
Latt ice 
Constants 
i n AJ. 
' Crys ta l ' 
' Lat t i ce 
Lattice 
Constants • 
in A 
l i ^* + O 0 O 5 b.c.cfrO . a — 3 « 3 0 
+ O 0 O 8 h , c , p w a = 2 « 9 5 11 Cubic a = 4 . 2 4 
c = 4 - 6 8 J NaCl 
Z T N * 0 „ 0 0 boC.c(/'i) a 3 o 6 0 •1 
+ 0 . 0 2 h. c. p(* )^ a = 3 o 2 3 . \ Cubic a 4 . 5 6 
c = 5 o 1 5 • ;J NaCl 
• VN + 0 . 2 7 b . c . c . a 3 . 0 3 ; cubic a 4 . 2 8 
NaCl 
in)TT(s) + O 0 I 8 bo c .c . a = 3 » 3 0 hexagonal a = 2 . 9 7 
i c 5 . 5 3 
+ 0 o 2 6 b .c . c . a - 3 . 3 1 i hexagonal a 5 . 1 9 ' 
c = 2.91 
+ 0 , 4 9 b .c . c . a 2 , 8 8 Cubic, 
NaCl a = 4 . 1 5 
Cr2N ; + 0 . 2 1 b.c.Co a 2 . 8 8 i hexagonal; a 4 . 7 6 
• superlatc.• c = 4 . 4 4 
MoN ( ( f ) ; +0,21 b .c . c . a 3 . 1 5 hexagonali a 5 . 7 2 
1 i super-la. ; t t i ce 
c 5 . 6 1 
M02N*^  : +0.09 b.c . c . a = 3 . 1 5 cubic. a 4 . 1 6 
i ; NaCl ; 
WN iS) +1.16 b.c .c . , a = 3 c 1 7 hexagonal 
• 
1 
a = 2 . 8 9 
c = 2 . 8 3 
: WgN +0.39 b.c .c . a = 3 « 1 7 j cubic 
i NaCl a = 4 . 1 3 
* low temperature form 
b .c .c , = body-centred cube 
h .c .p , = hexagonal close-packed 
(53) 
Table 1 o 4 Fractional Voltune and 
Crystal Lattice Changes on Oxidation of Nitride 
Nitride i Fractional Nitride Oxide 
i 
. I 1 
t 
i 
Volume 
Change Crysta l Latt ice 
Latt ice 
Constants 
i n A 
Crysta l 
Lat t ice 
Latt ice 
Constants 
in I 
i 
TiN^ 1 4 0 . 6 4 9 Cubic,NaCl a 4 . 2 4 tetragonal a _ 4 .59 • 
i ( r u t i l e ) c = 2 . 9 6 
Zj-N 1 + O o 5 l 8 Cubic, NaCl a = 4 o 5 6 Hon-^olinic a = 5 . 1 4 
1 (ZrOg) b = 5 . 2 0 ^ 
1 c = 5 , 3 1 0 7 : 
= 990 141 
VN j + 1 = 2 7 2 Cubic, NaCl a — 4 . 2 8 Orthorhombic a — 1 1 . 5 2 ' ' 
i (V2O5) b 3 . 5 6 • 
c = 4.37 1 
NbN(E) 1 +1c375 hexagonal a — 2 . 9 7 Honoclinic a — 2 1 . 3 4 i 
c = 5 o 5 3 (Nb205) b 3 . 8 1 6 
I c = 1 9 . 4 7 
TaN(E) i + 0 c 9 8 6 hexagonal a — 5 . 1 9 Orthorhombic a — 6.19 
i c = 2 o 9 l (Ta205) b = 4 4 . 0 2 
1 c = 3.90 
Ci-N + 0 o 5 5 4 Cubic NaCl a — 4 o 1 5 iHexagonal a =: 4 . 9 5 
[(Cr203) c = 1 3 . 5 8 ; 
CrgN + O o 5 9 7 hexagonal a = 4 . 7 6 \ It 
superlattice c = 4 . 4 4 J 
MoN(ei) l c 6 0 6 hexagonal a 5 . 7 2 ] 
• superlattice c 5 o 6 l iorthorhombic t 
• Mo«N 1 . 8 3 9 cubic, NaCl a - 4 o l 6 j (MOO-*) a 1 3 . 8 5 i 
- b 3 . 6 9 j 
i c 3 . 9 6 J 1 
(34) 
1 . 6 . 3 Ionic Diffusion: Parabolic Relationship 
At higher temperature ranges (above 5 0 0 * ^ C ) p the di f fus ion of the 
reacting species through the nitr ide layer involves the movement 
of cations from the metal-nitride interface towards the n i t r i d e -
chemisorbed nitrogen i n t e r f a c O o Anion dif fusion i s slower because 
of larger s ize , but i s not always important. Simultaneous movement 
of anions and cations also i s known to be s ignif icant in some 
mechanisms of reactions. 
Cation migration i s possible because of vacant cation la t t i ce 
s i tes in the nitr ide layer. Such migration is favoured therefore 
by a high degree of nonstoichiometry and a large number of cation 
defects in the nitride la t t i ce . The overall effect i s , therefore, 
a flow of cation vacancies through the nitr ide layer towards the 
metal-nitride interface or cations in the opposite direct ion, 
i . e . , an e l ec tr ic current through the n i tr ide layer, Cabrera & Mott 
(l948), present a thin f i lm theory, which stipulates that the ions 
move under the potential difference set up between the anions and 
cations on the respective interfaces. The cations are formed by 
the migration of electrons through the f i lm by the "tunnel effect" 
followed by reaction with gas molecules adsorbed on the outer 
surface of the f i lm, (tunnel effect i s a quantum mechanical 
phenomenon which predicts a f i n i t e chance thq.t an electron can pass 
through a thin f i lm of an insulator without requiring appreciable 
activation energy). The accumulation of vacancies at the n i t r ide -
metal interface leads to the formation of cav i t i e s . 
Many nitridation and oxidation processes follow the parabolic 
( 3 5 ) 
law. A simplified derivation of the law i s described by Chilton 
(1968; p.5) . I f ion (or electron) migration i s the rate determining 
step, the reaction rate, i . e . , the rate of growth of product layer, 
ia proportional to the conductance of the layer, or inversely 
proportional to i t s thickness, ^ Therefore, 
dt y 
Rearranging and integrating the above equation, 
y^ = 2kt + C 
V/here k and are constants., 
In a parabolic process the driving force for the reaction i s 
two-fold. F i r s t l y , there is a concentration gradient across the 
f i lm and secondly, there i s an e lec tr ic potential gradient. These 
factors are responsible for diffusion and migration across the f i lm 
respectively. The concentration gradient i n the f i lm produces 
a difference in chemical potential across the f i lm which in turn 
results in the necessary free energy change for diffusion to occur. 
^o6A Linear Growth Rate 
The derivation of the parabolic law described above assumes that 
the product layer remains adhered to the metal during the course of 
the reaction and keeps i t completely protected from the reacting gas. 
This i s not the case when stresses generated within the layer are large 
enough to cause i t s breakdown when i t s thickness reaches certain 
c r i t i c a l value, or i f the specif ic surface of the product layer is less 
than that of the metal original ly . The mechanical s tab i l i t y of this 
layer depends on the molecular volume changes accompanying the 
reaction. Larger volume changes, enhance quicker sp l i t t ing of the layer. 
(36) 
Film rupture exposes fresh metnl surface to the reacting gas, and ttie 
resulting reaction may follow a new parabolic rate. More nitride is then 
produced in contact with the metal and a f t e r a similar time interval , 
disruption of the f i lm again takes placOo V/hen fi lm breakdown takes 
place at frequent intervals the number of paraboias increases and 
their size decreases. The resulting curve then approximates to a s t r a i ^ t 
line, i^e, corresponds to a l inear rate process (Jayaweera, 1 9 6 9 ) . 
A simplified derivation of l inear rate law i s as follows. In the 
absence of a coherent nitr ide layer^ the metal is continuously exposed 
to the reacting gas and the reaction rate i s independent of the 
decrease in the thickness of the metal, x* under a given set of conditions. 
Therefore,-
dt - ^ 
VHience. 
y = jCt + C 
VHiere and C are constants. 
Onlike the parabolic and logarithmic rate equations, for which the rate 
of reaction decreases with time, the rate of l inear reaction i s constant 
with time and i s thus independent of the amount of gas or metal previously 
consumed in the reaction. I f the nitr idat ion i s l inear, ionic migration 
cannot be the rate determining step, instead the surface or phase 
boundary process i s rate-determining. 
A comprehensive account of reaction rates applicable to thin films 
are summarised by Kubschewski & Hopkins ( 1 9 6 2 ^ p o 7 l ) » 
1 c 6 . 5 Nature of Nitride Scale 
For the formation of thick oxide (or nitr ide) layers, Wagner ( l 9 3 3 ) 
( 3 7 ) 
has provided a sat isfactory theory (Jubaschewski & Hopkins^ 1 9 6 2 , 
P e 8 4 ) o According to this theory^ the mechanism i s controlled by 
diffusion due to a concentration gradient. The parabolic rate 3aw 
applies when the scale i s uniform in thickness. 
Formation of non~uniform ( i . e . porous or cracked) scales 
depends partly on the pil l lng»Bedworth Rule^ which i s probably 
less s igni f icant i f the scales grow by outward migration of matter^ 
(Vermilyea, 1957)<» I t i s more important v;hen diffusion i s from the 
siirface towards the metal-scale interface. Fractional volume changes 
are comparatively small for the formation of the group IV A metal 
nitridesp TiNp and Z^ rN (Table 1 . 3 ) o Hence, titanium ni tr ide ' f i lms 
flake much less than those of the oxidised metal ( fract ional volume 
change for ruti le^ Ti02p formation i s O O 7 3 ) D as fo;ind by various 
workers (Carpenter & Reavell^ 1948s Gulbransen & Andrew^ 1949; 
Richardson & Grant, 1954? Wasilewski & Kehl^ 1954)o Both nitrogen 
and oxygen are involved i n the scaling of zirconium i n a i r . The 
two^layered scale ultimately fonned consists of an outer white 
or buff scale (Zr02) and an inner'black s c a l e (consisting of Zr02,Zrn 
and possib]y;N)o The white scale predominates below t050® and Hie 
black above that temperature (Phalnikar & BaldwiUp 1952)o 
Similarlyp vanadium, niobium and tantalum i n group VA, form oxides 
of exceptionally large volume ratios ( fract ional volume changes of 
2.19« 1 o 6 8 and 1.50 for their pentoxides) compared with -the nitrides 
(Table 1 . 3 ) © The resultant extensive rupturing of the oxide films 
changes the kinetics from parabolic to approximately l inear at lower 
temperaturesp 50O-700*^P for Nb (Argent & PhelpSp 1960g Hurlen e t . a l . , 
1959; Kofstad & Kjollesdal^ 196l | Cathcart e t . a l . , 1958)p and Ta(Ge-
bhart & Seghezzip 1959; Peterson^ et.alcp 1954? Ca:thcart et .a l .p 1960). 
(38) 
I f the scale becomes coherent and protective, the reaction may 
practically* be stoppedp even when the scale i s completely detached 
from the metal surface, e.g., ^asymptotic' oxidation of niobium 
at 1 2 5 0 ^ 0 , ( Kubaschewski Schneider, l 9 4 9 ) o 
The group IV A and V A metals nitride mwch more slowly than 
they oxidise at corresponding temperatures (Culbransen & Andrew, 
1950). Rates of nitrogen diffusion through y^and P-Ti and TiN indicate 
that the nitridations are controlled ultimately by d i f fus ion throu^ 
titanium and the surface ni tr ide layer (Wasilewski & Kehl, 1 9 5 4 ) . 
The i n i t i a l controlling process i s more l i k e l y diffusion through 
oC- T i . Likewise, the low. activation energies for nitrogen diffusion 
i n ^ - 2 r compared with those for the ni tr idat ion ( Gulbransen & Andrew, 
19495 ,^ indicate that the rate of solution i n the ^-phase i s not 
the rate-determining factor (Mallet e t . a l . , 1 9 5 4 ) o Nitridations of 
the other group IV A and V A metals are s imi lar . The n i tr ide films 
make the reaction rates pract ica l ly insensit ive to nitrogen gas 
pressure variations, and the f i lm thickness i s governed by the rate of 
ni ir ide foimation and the rate of dissolution of nitrogen i n the metal 
(Duwez & Odellp 1 9 5 0 ; Gulbransen & Andrev, 1 9 4 9 ° ^ 1 9 5 0 ; Angp 1 9 5 5 ) . 
The H-N systems with H = V, Nb and Ta are very similar for low 
N-contents, but d i f f e r for high N-contentSo The s o l u b i l i t i e s of nitrogen 
in the metal l a t t i ces are only about 2 fttomic-per cent (Brauer & 
Jander, 1 9 5 2 ) * The i n t e r s t i t i a l structure type, H2N( , i s common for the 
three M-N systems (Hahn, 1 9 4 9 ; Schonbergp 1 9 5 4 ; Epelbaum a Ormont, 1 9 4 7 ; 
Rostoker & YamamotOp 1 9 4 7 ; Brauer & Zapp, 1 9 5 3 ) . The metal atoms are 
( 3 9 ) 
hexagonally close-packed and ttie K atoma are in one of the two metal 
atom octahedral voids of the unit ce l lc This phase has a comparatively 
broad homogeneity range with the upper phase l imit closely corresponding 
to the composition, M2N. The NbN O o 8 - 0 c 9 ' ^ ^ ^ 0 o 8 - 0 o 9 P^^es are 
isomorphous, but there i s no analogous V-N phase reported,- The ^ 
phase in the Nb^ N system (Table 1o3) represents the transit ional 
state between the atomic arrangements in the and phases 
(SchOnberg, 1 9 5 4 ) , 
Nitridation of uranium i s more complicated. Reaction rates 
with nitrogen ( 1 atffio> pressure) measured volumetrically indicate 
parabolic nitridation with some deviations i n i t i a l l y and a f ter the 
period of parabolic kinet ics (Hallett & Gerd, 1 9 5 5 ) . The surface 
nitride formed at temperatures between 5 5 0 ° and 7 5 0 ° i s mainly 
UN2 (probably deficient in nitrof^en); at higher temperatures, v i z . , 
775-900*^, the three ni tr ides , U K , U2N3 and TO2 form a rather 
roughened scale surface. The region between UN and D2N3 consists 
of two phases, but that between U2N-5 and UN2 i s a homogeneous sol id 
solution; the crysta l structure changes from a distorted (U2N3) to 
a true fluorite-type (UN2)j Table 1 .5 . This has been reported by 
Rundle etoSl . , ( l 9 4 8 ) . However, Vaughan ( l 9 5 6 ) , regards U2N3 
as being isomorphous with Th2N5 and suggests i t i s polymorphic (tvro 
forms). Reaction between nitrogen and uranium or thorium f i lms 
has been followed by surface potential studies (Riviere* 1 9 6 8 ) , At 
higher nitrogen pressures, rapid variations in the rates of change in 
potential with time are associated vxith the formation of higher nitrides 
at the surfaces. 
( 4 0 ) 
1.6.6 Kinetic studies of Nitride Formation with Ammonia 
The kinetics of metal nitr idat ion with ammonia has been 
studied by comparatively few workers^ and mainly relates to metal 
catalysts for nitrogen fixationo Metallic chromium, molybdenum 
and tungsten do not react appreciably with nitrogen at 900^C 
under ordinary pressures (Duparc, e t . a l , , 1 9 3 0 ; Neumann, e t . a l . , 1 9 3 1 ) 
They readily react with ammonia, even at lower temperatures (700-
900*^ C) giving single or mixed nitrides , WN & H2N (Table 1 .3 )» where 
M = Cr (Bl ix , 1 9 2 9 ; Eriksson, 1 9 3 4 ; Korolev, 1 9 5 3 ) , Ho (Sieverts & 
Zapf, 1936; Ghosh, 1952) or W (Hag, 1930; L a f f i t t e & Grandadam, 1935; 
Kiessl ing & Liu , 1951; Kiess l ing & Peterson, 1 9 5 4 ; Sch'dnberg, 1 9 5 4 ^ . 
Heats of decomposition of Cr2^ Fe^N to saturated so l id solutions 
compared with enthalpies of formation, indicate heat absorptions of 
about 5000 calories per g. atom of nitrogen, dissolving in either of 
the two body-centred cubic solvents* This accords with tiie similar 
electronic distributions of Cr and Fe about the N atoms. The much 
lov/er s tab i l i ty of Pe^N compared with Cr2N derives from the smaller 
r a d i i of the octahedral s i tes available for N atoms ( l o 8 9 A i n Pe, 
o . 
compared with 2,13A i n Cr)» Nitridation kinet ics of iron have been 
discussed by Glasson & Jayaweera (1968 , Po72)„ 
1.6.7 Effect of Gas Pressure on Nitridation Kinet ics 
Much information of theoretical and potential pract ical interest 
can be obtained from studies of the kinetics of the uptake of gases 
by the metal surface as a function of temperature as well as gas 
pressure. When the rate-determining step involves the dissociation 
of the attacking diatomic gas (nitrogen or oxygen), the reaction rate 
(41) 
i s expected to be proportional to the square root of the gas 
pressure. The rate-determining step i n this case i s the d irec t 
reaction at the solid-gas intefacec 
When gases dissolve in metaln., Henry^'s Law i s obeyed; also 
the molecules of the gas s p l i t up into atoms (or ions) on dissociation. 
Hence, the solubi l i ty of a diatomic gas in a metal would also be 
expected to vary as the square root of gas pressure. The diffusion 
of gaseous atoms through a metal also requires a square root 
relationship with pressure when the metal surface i s d irect ly 
exposed to the gas (Sarrerp 1 9 4 1 , p ^ 1 4 6 ) . The effect of nitrogen 
pressure on the rate of gas dissolution has been investigated 
by Gulbransen and Andrew ( 1 9 4 9 ) 5 who report that although a s l ight 
increase in reaction rate with increasing N-.- pressure vras observed, 
the effect was not proportional to the square root of the pressure. 
Wasilewski and Kehl ( l 9 5 4 ) on the other hand, found that a reduction 
in pressTire causes a alight increase in rate of uptake. 
Richardson and Grant ( l 9 5 4 ) measured changes in N 2 - pressure occurring 
with time when a titanium specimen was nitrided at temperatures in 
the range 7 8 7 - 1 0 l 4 ° C in a closed vessel containing nitrogen at 
i n i t i a l pressures between 1 5 0 - 3 8 0 mmHg. A l l three groups of workers 
agree that the rate of dissolution of nitrogen i s much less rapid than 
that of oxygen. 
1 c 7 Reactivity of Hitridea 
A general account of active sol ids together with references to 
the original l i terature are described by Gregg (l95lf 1 9 5 8 ) and Gregg 
& Sing (1967). 
( 4 2 ) 
The react iv i ty of sol ids is influenced by a number of factors, 
of which particle s ize i s a s ignif icant one. An increase i n ac t iv i ty 
i s generally ascribed to an increase in the spec i f ic surface ( i . e . , 
the surface area per unit mass) of the substance and quite often, to 
imperfections i n the lat t ice i t s e l f , A substance consisting of small 
particles possesses high surface energy. Also lat t ice imperfections 
represent a high level of 'bulk' potential energy. Thus an active 
solid i s i n a meta-stable state and tends to go back spontaneously 
to a more stable state of lower energy content. This loss of ac t iv i ty 
takes place (usually very slowly) on mere standing at room temperature, 
and is called "ageing"o Ageing results in the formation of large 
crys ta l l i t e s with less imperfections. I t i s enhanced by increasing 
temperature, as increased thermal agitation of the constituent atoms 
or ions f a c i l i t a t e their movement into positions of minimum potential 
energy. 
1.7.1 Sintering of Nitrides 
In i t s broadest sense, s intering, includes a l l the processes 
employed to produce adhesion or consolidation of the materials of 
refractory nature. In the narrower, technical sense, i t may be defined 
as the mechanism whereby a single pure material consolidates under 
the influence of temperature, pressure and time less than tiiat su f f i c i ent 
to cause complete breakdown of molecular structure i e . , melting. 
Theories of sintering have been developed by Kingery ( 1 9 6 0 ) , Huttig 
( 1 9 4 1 ) , Coble (1961, 1 9 6 4 ) , Kuczynski ( l 9 6 l ) p Vftiite ( l 9 6 2 , 1965) and 
Fedorchenko & Skorokhod ( l 9 6 7 ) . 
At present there i s much more information available on the sintering 
( 4 3 ) 
of oxides which i s expected to resemble that of n i tr ides . The 
chemical react iv i ty of nitrides i s controlled considerably by the 
extent to vrhich they have been sintered during their formation and 
any subsequent calcination. Sintering i s enhanced by compacting the 
powdered nitride e.g. , Be, La^ T i , Th, U and Ta, before calcining 
in vacuo to prevent possible oxidation or hydrolysis (Chiottip 1 9 5 2 ) . 
I t i s also affected by low melting additives (Classon, 1 9 6 7 ) « b u t these 
may cause serious reductions in optical and mechanical properties. 
However, TiN i s extremely br i t t l e and may be sintered with a metal 
such as cobalt to give a satisfactory cermet? or may be used as a 
surface coating (Munster, 1 9 5 7 ) - The thennodynamics of the sintering 
of TiN in the presence of carbon (Blum, 1 9 6 2 ) and the defect structure 
and bonding of ZrN containing excess nitrogen have been described 
(Straumanis e t . a l . , 1 9 6 2 ) . The micro-hardness of vanadium and 
chromium nitrides varies with bonding clianges during progressive metal 
nitriding and subsequent sintering (Samsonov & Veikhoglyaiova, 1 9 6 2 ) ; 
the lower ni tr ides , V^N and Cr2N are harder than VN and CrN^ Besides 
nitride formation, introduction of nitrogen into metall ic chromium 
increases brittleness by local ly distorting the metal la t t i ce (V/eaver, 
1 9 5 7 ) . 
Sintering i s enhanced by high pressure e ,g .» hot pressing which 
often extensively densifies materials (Schwaizkopf & Kief fer , 1953; 
Spriggs & AtteraaSp 1 9 6 6 ) , giving almost theoretical densities 
for some oxides such as CaO, MgO, and AI2O3 (Rice, 1 9 6 9 ) c But a 
prerequisite i s the production of f ine ly divided material with suitable 
particle size range. The feas producing contaminants such as carbonates 
and hydroxides delay the extent of sinteringp Hence, often, vacuum 
hot pressing i s preferred ( Fulrath, 1 9 6 9 ) . These factors are 
(44) 
important i n ceramic fabrication science (Cooper, 1 9 6 9 ) 0 Nitride 
sintering i s also influenced by part ia l nitride hydrolysis or 
oxidation, or both, forming oxide impurities* When BN i s purified at 
higher temperatures to reduce oxide content, the increased particle s ize 
makes subsequent hot pressing more d i f f i c u l t (Ruddlesden, 1 9 6 2 ) , 
The rate of sintering of a sol id markedly increases within a narrow 
range of temperature near O c 5 T f t K , where Tjjj^ K i s the melting point of 
the sol id (Huttig, 1 9 4 1 ) « At this temperature, ca l led the Tammann 
temperature, vacancies in the sol id are no longer "frozen", so that 
ionic migration through the bulk of the sol id ( i . e . "lattice" or "volume" 
diffusion) sharply increases. At lower temperatures eg., i n the region 
of about O o 3 Tm^K, "surface" diffusion along grain and c r y s t a l l i t e bound-
aries i s the more important factor . 
There are two .overlapping stages in s intering which can be 
distinguished. The f i r s t stage i s characterized by the formation and 
growth of contact areas between adjacent powder part ic les . During the 
second stage, the material i s densified and the pore volume decreased. 
The driving force in both stages of s intering i s recognised to be the 
s\irface free energy* The energy required for s intering i s supplied by 
the decrease of surface areas or by the replacement of interfaces of 
high energy by those of lower energy (e.g.. grain boundaries)* The 
surface free energy i s suf f i c i ent to account for s intering, provided a 
suitable mechanism i s available for the transport of. atoms, involved i n 
the consolidation of powder compacts. The following f ive possible 
mechanisms are l i k e l y in the case of homogeneous materials 
i ) Evaporation followed by condensation 
i i ) Surface diffusion 
i i i ) Volume diffusion 
( 4 5 ) 
iv ) Viscous flow (characterized by a l inear relationship 
between s tra in rate and s tress ) , 
v) Plast ic flow (characterized by the existence of a yield 
stress X 
Prenkel ( l 9 6 5 ) made the f i r s t attempt to develop a quantitative 
theory, assuming that^both crysta l l ine and amorphous powders.viscous 
flow would occur under the variation influence of the capi l lary forces 
associated with the curved surfaces of the pores with time. The 
viscosity may be represented by the flquation:-
where, 
^ = v iscos i ty 
D = coeff ic ient of se l f diffusion 
T = absolute temperature 
]^ - constant 
-^o = atomic volume = 
The mechanism of deformation of sol ids by viscous flow and the 
rate of diffusion i n the deformation of crysta l l ine sol ids was evolved 
further by Schaler & V^ulff ( l 9 4 8 ) , Natarro ( l 9 4 8 ) and Herring ( l 9 5 0 ) . 
Methods of preparing f ine ly divided materials (active sol ids) 
include grinding, calcination^ sublimation and precipitat ion. In tiie 
f i r s t case, the mechanical breaking up of the part ic les i s opposed to 
some extent by the tendency of the f ine particles to adhere together 
under joint influence of surface forces and the mechanical pressure of 
the m i l l . This effect i s more pronounced i f the grinding i s carried 
out for longer periods (jones, 1 9 7 0 ) o 
( 4 6 ) 
C a l c i n a t i o n i s based on chemical r e a c t i o n s of the typo: -
S o l i d A So l id B + Gas G 
e .g . , the decomposition of hydroxides and carbonates (Gregg, 1953; 
Glaeson, 1956, 1958a, 1961b, 1963a; Glasson and Sheppard 1968) . 
The s p e c i f i c surface of B i s cons iderably grea ter than that of K 
i f the two s o l i d phases possess d i f f e r e n t l a t t i c e s and i f there i s 
a large volume change between them, c . f . p P i l l i n g & Bedworth ( l923) 
ru le f o r metal o x i d a t i o n s » 
Sublimation and p r e c i p i t a t i o n are 'condensation* methods of 
preparing a c t i v e s o l i d s , whereas gr inding and c a l c i n a t i o n are 
'fragmentation' methods. The preparat ion of evaporated metal f i l m s 
i s an example of a subl imation method, and i s genera l ly c a r r i e d out 
under high vacuum. Fi lms of ca lc ium, magnesium, z inc and cadmium 
have been inves t igated by Jayaweera (1969) and chromium and n i c k e l 
by Maude ( l 9 7 0 ) . 
I n the present work, b a l l - m i l l i n g has been used to produce 
a c t i v a t e d mater ia ls and the enhanced r e a c t i v i t y has been determined 
with respec t to increased surface area and oxidat ion behaviour. 
1.7.2 Oxidation and Hydrolys i s of N i t r i d e s 
' The chemical r e a c t i v i t i e s of r e f r a c t o r y n i t r i d e s have been 
summarised by Shaf fer ( l 9 6 4 ) and Samsonov ( l 9 6 4 ) p those of T i , Z r , 
Nb and Ta have been inves t iga ted by Popova & K a b a n n i k ( l 9 6 0 ) . These 
workers have studied a c t i o n of waterp aqueous ac ids and a l k a l i e s , 
TaN appears to be the most s t a b l e to the a t t a c k of d i f f e r e n t reagents, 
and ZrN the l e a s t . I n n i t r i d e production, u s u a l l y oxygen nnist be 
avoided, for i t prevents n i trogen from reac t ing wiih the c l e a n metal 
s u r f a c e s . 
( 4 7 ) 
The t r a n s i t i o n metal n i t r i d e s are l e s s r e a d i l y hydrolysed, 
but some of thenip e^g.p those of T i ^ Zr^ Hf^ Th^ Vp Nhp T a ^ C r , Mo, 
and U axe converted to oxides on c a l c i n i n g i n a i r ^ The oxidat ion 
rate depends mainly on two factors^ (a ) the i n t r i n s i c r e a c t i v i t y of 
the mater ia l i t s e l f and (b) the a v a i l a b l e st irface f o r ox idat ion to 
occur. Thorium mononitride ox id i ses r a p i d l y and q u a n t i t a t i v e l y i n 
moist a i r at room temperature even i n ingot form^ but powdered uranium, 
t itanium and zirconium mono-nitrides are quite s table a t lOO^^ C i n 
bo i l ing water ( D e l l p e t o a l o , 1966)o UN powder i g n i t e s i n dry oxygen 
at about 3 0 0 ° , but V2Np M02N and CrN have an i n c r e a s i n g ox idat ion 
s t a b i l i t y ( D e l l , e t c a l . , 1966)o 
The only i n t e r s t i t i a l n i t r i d e oxidations that have been s tud ied 
i n any d e t a i l are those of TiN (Munster & Schlamp 1957; Glasson & 
Jayaweera, 1968) and UN ( D e l l , e t o a l c , 1966)o They i l l u s t r a t e f a c t o r s 
to consider and problems to be encountered i n f u r t h e r i n v e s t i g a t i o n s 
of other t r a n s i t i o n metal n i t r i d e oxidationSo Although, the corros ion 
re s i s tance of sur face l a y e r s of these n i t r i d e s i s good, the s c a l i n g 
r e s i s t a n c e i n a i r (or oxygen) i s poor^ 
I n t h i s l i i e s i s the author has s tudied and compared the oxidat ion 
behaviour of some of the n i t r i d e s of t r a n s i t i o n elements i n groups 
IVA, VA and VIA. Changes i n phase composition and c r y s t a l s t r u c t u r e 
for ox idat ion of these n i t r i d e s have been inves t igated by X - r a y , 
o p t i c a l and electron=micrographic methods« Surface area determination^ 
have been made by gas sorpt ion and c o r r e l a t e d with changes i n c r y s t a l 
s t ruc ture and c r y s t a l l i t e s i z e on oxidationo S i m i l a r s tudies of the e f f e c t 
of m i l l i n g of the n i t r i d e s on t h e i r ox idat ion r a t e s and s i n t e r i n g c h a r a c t -
e r i s t i c s have been c a r r i e d out. The average c r y s t a l l i t e s i z e s of the mi l l ed 
(48) 
n i t r i d e s have been estimated from X - r a y l i n e or peak-broadening 
(Glasson, I 9 6 4 ) . C e r t a i n metal pm^ders have been f u r t h e r oxidised 
and compared v/ith the oxidat ion behaviour of the corresponding 
n i t r i d e , i n a s i m i l a r manner^ 
I n the fol lowing sect ions of t h i s chapter a summarised account 
of the s tudies made by other workers on formation of the above 
n i t r i d e s i s presented. 
U 8 Titanium N i t r i d e . TiN 
1.8.1 Formation 
Mellor (1927, p.117) and Brown (1964, p. 167) have summarised 
various methods of production of t i tanium n i t r i d e . A review of these 
methods a lso has been given by Jayaweera (1969). Agte & Moers ( l 9 5 l ) 
have produced the n i t r i d e by heat ing T i - m e t a l powder under very pure 
nitrogen i n molybdenum boats i n a p o r c e l a i n tube furnace^ This method 
of d i r e c t combination of elements has been adopted a t temperatures 
ranging from 400 to 1200°C ( E h r l i c h , 1949; C h i o t t i , 1952; C u t h i l l , 
e t . a l . , 1960; C l a i r , 196O; A r a i , e t . a l . , 1962). Metal n i t r i d a t i o n 
by ammonia or mixtures of hydrogetv -j- n i trogen has been employed 
( C h i o t t i , 1952; Wyatt & Grant, 1954, 1957; Samsonov e t . a l . , 196la; 
Sato 6k Yamane, 1955)c Alexander ( l949) has patented a method which 
cons i s t s of reduc ing t i tanium dioxide to the metal and subseciuent 
n i t r i d a t i o n . 
Another widely used method of t i tanium n i t r i d e production i s the 
vapour phase deposit ion from a mixture of t i tanium chlor ide and 
ammonia or ni trogen and hydrogen mixture*, Thus Hughes <Sb H a r r i s ( l957) 
have patented a method whereby anhydrous NH^j- gas and T i C l ^ vapour 
(49) 
react to form T I N with a uniform p a r t i c l e s i z e l e s s than 1 yum. 
This method was f i r s t evolved by van Arke l and de Boer ( l 9 2 5 ) » 
with the mixtures i n contact v/ith heated tungsten f i l ament s , Aivazov 
& Melekin ( l 9 6 7 ) have c r y s t a l l i s e d TiN from the gaseous phases according 
to the r e a c t i o n . 
2 T i C l 4 + 4H2 + N2 = 2 T i N + 8 H C 1 
They have claimed that a t UOO^C, favourable condit ions e x i s t f o r 
the growth of 3 x 3 mm c r y s t a l s „ Suchet (196O) has reported the 
formation of a n i t r i d e of t i tanium having composition^ Ti^N^, by 
passing a high frequency discharge through the mixture of vapours. 
Niederhause ( l 9 6 2 ) has been a ble to produce the n i t r i d e v i a the 
formation of an intermediate ammoniated complex. The complex form-
at ion has been avoided by Ruppert & Scwedler ( 1 9 5 8 ^ 1959) by us ing 
high enough temperature pre ferab ly between the range 9 0 0 - 1 2 0 0 ° C o 
According to Brager ( l 9 3 9 ^ there are two forms of the intermediate 
complex, - and 4r T i C . . ^ The thermod-Tiamics of the react ions 
has been discussed by I&nster & Ruppert ( l 9 5 3 ^ ^nd Miinster e t ^ a l , , 
( 1 9 5 6 ) . 
There are two prime reasons f o r the widespread use of vapour 
deposit ion process i n indus try . F i r s t l y that a uniformly t h i n coat ing 
of n i t r i d e can be prepared on the sur face of an objec t , regardless 
of i t s shape* Secondly.^the r e a c t i o n can be c o n t r o l l e d a c c u r a t e l y . 
I n t h i s way mechanical and other propert i e s of a r t i c l e s have been 
improved by coat ing t!hem with titaniiim n i t r i d e and other r e f r a c t o r y 
mater ia ls , (Wunster & I fsber , 1 9 5 8 j Lohberg e t , a l , , 1 9 5 8 ) . 
Titanium c a r b i d e reac t s vdth nitrogen forming ^ .nitride. Zelikman 
( 5 0 ) 
& Govorits ( l 9 5 0 ) p have reported formation of T i C - T l N s o l i d 
so lut ions a t 1 3 0 0 - 1 8 0 0 ^ C during the reactioDc They have a l s o 
remarked that a n i trogen pressure greater than 1 atmosphere i s 
necessary for complete n i t r i d a t i o n of the carb ide , Portnoi & 
L e v i n s k l i ( l 9 6 3 ) a l s o report the formation of s o l i d so lut ions of 
T i C - T i N a t 1 5 0 0 * ^ 0 ^ but the product obtained had carbide impurity^ 
However^ when m e t a l l i c t itanium i s heated with a mixture of carbon 
and nitrogen^ only the n i t r i d e i s obtained^ Umezu ( l 9 3 l ) and 
Samsonov & Petrash ( l 9 5 5 ) have obtained s i m i l a r r e s u l t s ^ when they 
heated titanium oxides with carbon i n .the presence of nitrogenc 
These observations can be explained by the grea ter d i f f u s i o n rate 
of nitrogen than of carbon= Blum ( l 9 6 2 ) c la ims that s i n t e r i n g of 
t i tanium n i t r i d e i s poss ible on a graphite support without being 
attackedc 
Star t ing mater ia l s f o r other production methods of t i tanium 
n i t r i d e include the hydridoj, sulphide and reduced t i tanium ha l ides 
(Fos ter , 1 9 5 2 ; Duwez & Odollp 1 9 5 0 ; Jacobson^ 1 9 5 4 § Nat ional Lead 
Co., l 9 5 6 ) o 
1 c 8 o 2 The System Titanium-^'Nltro^en 
A comprehensive account of the t i tanimn-ni trogen phase diagram 
studies i s g iven by Brown ( l 9 6 4 p p c l 6 8 ) o McQuil lan & McQuil lan ( l 9 5 6 ) 
have a lso discussed t h i s system,, I t i s w e l l known that a t 8 8 2 o 5 ° C 
pure T i -meta l undergoes an a l l o t r o p i c phase transformat ion from a 
hexagonal close=packed s t r u c t u r e ( s tab le a t low temperatures) 
to a cubic body-centred 0^ phasep which p e r s i s t s 
(51) 
up to the melting point of the metal , i .e^ 1 6 6 8 + 5 ^ C ( t h i s 
u n c e r t a i n t y i s due to the p o s s i b i l i t y of d i s s o c i a t i o n as N2 
g a s ) . I n th i s respect the behaviour of t i tanium i s s i m i l a r to that 
of zirconium (transformation temperature^ 8 6 5 ^ C ) . 
E h r l i c h ( l 9 4 9 ) . v;ho c a r r i e d out X-ray inves t iga t ions on th is 
system, concluded from h i s r e s u l t s that a t room temperature only 
the <^ - T i s o l i d s o l u t i o n and the n i t r i d e , TiN, ex i s t ed i n 
the composition range up to 5 0 atomic ^ n i trogen. This v/as confirmed 
by a more deta i led i n v e s t i g a t i o n by P a l t y e t „ a l . , ( l 9 5 4 ) , who 
concluded that both the <^-phase and TiN have wide ranges of 
homogeneity. They a l so demonstrated the ex i s tence (a t a 
composition of about 2 6 atomic ^ n i t rogen) , of a second compound, 
£ - TiN formed a t a temperature between 1 0 0 0 - 1 l O O ^ C o The c r y s t a l 
s t ruc ture of the £ - p h a s e has been found to have a te tragonal 
l a t t i c e (Pa l ty e t . a l . , 1 9 5 4 ) o Holmberg ( l 9 6 2 ) a s s igns the formula, 
Ti2N, to the compound he prepared, and cons iders that h i s phase i s 
the one designated as the £ - n i t r i d e by P a l t y e t^alo ( l 9 5 4 ) . Olson 
(1967) reports the preparat ion of a compound wi th fomula^ Ti^N^c 
Although titanium n i t r i d e phase i s u s u a l l y described as TiN, 
i t has a f a i r l y wide range of homogeneity around the s to i ch iometr i c 
composition (Munster & Sage l , 1 9 5 3 ) » vary ing behfeen TiNQ^ 4 2 ( ^ ^ ^ i ^ > 
1949) and T i o „ 6 N (Holmberg, 1 9 6 2 ) . However^ Schwarzkopf and 
K i e f f e r ( l 9 5 3 , p . 2 3 0 ) consider that the only s t a b l e n i t r i d e of 
t itanium e x i s t i n g i s TiN 
1 o 9 Zirconixim Nitride^ ZrN 
1 o 9 , 1 Formation 
Zirconium n i t r i d e can be produced by methods s i m i l a r to those 
(52) 
f o r t i tanium n i t r i d e (Mellor 1927, p .120; Brown I964 , p . 177 ) . 
I n the formation of t h i s compound from the elements, temperatures 
varying from 700 to 2000° have been used (Agte and Moers, 193.1; 
Clausing. 1932; Puj iwara, 1950; C h i o t t i . 1952; C l a i r , 196O; 
Sfimsonov e t . a l . , 196la ; Hough, ^^S^^ Sal ibekov e t . a l . , 1964), 
The metal has been n i t r i d e d a lso by ammonia gas ( C h i o t t i , 1952; 
Wyatt & Grant, 1957)p when the reac t ion rate i s correspondingly 
lower (Samsonov e t , a l . , 196la)= 
The v'ar Arkel-de Boer ( l 9 2 5 ) method of vapour depos i t ion of 
the n i t r i d e from the ch lor ide can be used a l so (Moers, 19311 
Campbell e t . a l . , 1 9 4 9 ) T h e production of zirconium n i t r i d e has 
been e f f ec ted by us ing other s t a r t i n g m a t e r i a l s such as bromide, 
hydride, and oxide (Fos t er 1952; Duwez & Ode l l , 1950; Alexander, 
1949b; Schneider e t . a l . , 1963) . Zirconium, l i k e t i tan ium, 
r e a c t s p r e f e r e n t i a l l y with nitrogen r a t h e r than with carbon, 
owing to the greater d i f f u s i o n r a t e of the former (Portno i & 
L e v i n s k i i , 1963) . Blum ( l 9 6 2 ) , reported that ZrN, u n l i k e TiN, 
i s attacked by carbon at higher temperatures and forms the carbide. 
1.9.2 The System Zirconium-Nitrogen 
A summary of the phase diagram s tudies of the Zr-N system 
has been presented by Brown ( 1 9 6 4 5 p, 178); see a l s o Domagala 
eto a l . , (1956) and F a r r (1968 )0 Two forms of m e t a l l i c zirconium 
are reported; an "^-form having a hexagonal c lose-packed s t r u c t u r e , 
s tab le up to 865^ • transforms to ay5-forra i-rith a cubic body-centred 
s t r u c t u r e above t h i s temperature* M e t a l l i c zirconium forms a s o l i d 
so lu t ion with nitrogen up to an a'iomic percentage of 20 (de Boer & 
(53) 
& Pas t , 1 9 3 6 ; J e f f e & Campbell, 1 9 4 8 ) . Above t h i s l i m i t , the 
n i t r i d e phase i s p r e c i p i t a t e d . The absorption of n i trogen , l i k e 
that of oxygen, r a i s e s the transformation temperature ( 8 6 5 ° C ) 
of the metal . I s h i i ( l 9 4 3 ) & I s h i i & Wada ( l 9 4 3 ) reported the 
existence of two modif icat ions of ZrN, but t h i s has not been 
confirmed by other r e s e a r c h e r s . The homogeneity range of ZrN 
v a r i e s from n i t rogen-de f i c i en t ZrNQ a t 1 9 8 5 ^ 0 to ZrN below 
6 0 0 ° C . 
K 1 0 Vanadixim N i t r i d e . VN 
1 . 1 0 , 1 Formation 
A summary of production methods of vanadium n i t r i d e i s 
given by Mellor ( l 9 2 7 , P o 1 2 4 ) and Brown ( l 9 6 4 , p o 1 8 5 ) -
Vanadium n i t r i d e i s d i f f i c u l t to produce by heating mixtures 
of vanadium pentoxide ( V 2 O 5 ) and carbon i n a nitrogen current 
because a t temperatures below 1 2 0 0 ° C , the n i t r i d e i s transformed 
to carbide i n the presence of carbon. F r i e d e r i c h and S i t t l g ( l 9 2 5 ) 
were able to prepare a product containing 7 8 . 3 ? ^ V, 2 1 o 1 ^ N and 
O o 5 ^ S i 0 2 ( t h e o r e t i c a l va lues f o r VN; 7 8 . 4 5 9 ^ T and 2 1 . 5 5 ^ N ) . 
Pure vanadium n i t r i d e has been prepared by r e a c t i o n of ammonium 
vanadate with ammonia a t 9 0 0 - 1 lOO^C (Epelbaum & Ormont, 1 9 4 6 , 1 9 4 7 ; 
Epelbaum & Brager, 1 9 4 0 ; Juza , 1 9 4 5 ) * D irec t n i t r i d a t i o n of pure 
vanadium metal powder i n a n i trogen current has been employed by 
Duwez & Odel l ( l 9 5 0 ) and Hahn ( l 9 4 9 ) . The l a t t e r has a l s o obtained 
a product of lower nitrogen content, i . e . , ,V5N, by s i n t e r i n g 
vanadium n i t r i d e with m e t a l l i c vanadium powder i n sealed quartz 
tubes f o r 2 4 hotirs a t 1 0 0 0 - 1 l O O ^ C . 
( 5 4 ) 
The Van .Arkel method of depos i t ion of vanadium n i t r i d e from 
V C 1 ^ - N 2 - H 2 vapour mixtures on tungsten wires at a temperature 
range of 1 4 0 0 - 1 6 0 0 ° C was used by Hoers ( l 9 3 l ) . The f ine c r y s t a l l i n e 
coatings had a brownish-grey colour , Campbell and coworkers ( l 9 4 9 ) 
employed, f o r the same vapour mixtures , deposit ion temperatures 
of 1 1 0 0 - 1 6 0 0 ^ 0 , while Po l lard and Fowles ( l 9 5 2 ) reported f o r the 
continuous deposition^an optimum temperature of 1 5 4 0 - 1 5 7 0 * ^ 0 . 
U 1 0 o 2 The System Vanadium-Nitrogen 
T h i s system has been thoroughly inves t iga ted by Hahn ( l 9 4 9 ) and 
confirmed by Schohberg ( 1 9 5 4 ) - The s o l i d s o l u b i l i t y of ni trogen 
i n vanadium has been found by Rostoker & Yamamoto ( l 9 5 3 ) to be 
a t l e a s t 3 o 5 atomic ^ nitrogen above 9 0 0 ° C » According to 
Hahn ( l 9 4 9 ) the n i t r i d e has a wide homogeneity range extending from 
V N ^ ^ Q to V N Q ^ Y ^ O The s to icheiometr ic phase ( ^ - T N ) has been viell 
es tab l i shed and i t s thermodynamic c h a r a c t e r i s t i c s r'.3termined by 
Sato ( 1 9 3 8 ) ^ King ( l 9 4 9 ) and Brewer e t . a l . , ( l 9 5 0 ) , Epelbaum & 
Ormont ( l 9 4 7 ) , have extended the upper l i m i t of th is phase to 
^ 1 . 0 4 - Besides ^ -Vn (Cubic , NaCl) phase, there e x i s t s only 
one other n i t r i d e phase (y$-phase, hexagonal), which l ikewise 
has a wide homogeneity range. Between V N Q ^ ^ ^ - ^^0o31 (^^"^^ 
- 9 . 3 ^ N ) the hexagonal phase alone e x i s t s , which i s l e s s s table 
than the cubic one, 
Brauer & S c h n e l l (1964) have re-examined the published data 
on the phases of the Vanadium-Nitrogen system, Hosoya & Co-workers 
(1968) have a l so studied t h i s system us ing a pov/der of almost 
s to iche iometr ic VN. 
(55) 
l o l l Niobium N i t r i d e . NbN 
1,1 U 1 Formation 
A summarised account of variovLS methods used i n preparat ion 
of niobium n i t r i d e i s given by Mellor ( l 9 2 7 , P o 1 2 5 ) and Brown 
( 1 9 6 4 , p o 1 8 9 ) . 
Pure niobium n i t r i d e can be prepared v;ithout d i f f i c u l t i e s 
by n i t r i d i n g niobium metal powder v/ith nitrogen at 1 2 0 0 ^ C 
(Duwez & O d e l l , 1 9 5 0 ; Brauer, 1 9 4 0 ; Brauer, e t o a l . , 1 9 5 2 , 1 9 5 3 ) . 
Using a continuous flov method, c r y s t a l l i n e niobium n i t r i d e can 
be deposited from NbCl^ vapour i n the presence of N2 + H2 
mixtures on a heated tungsten f i l ament . With an optimum filament 
temperature of 1 3 4 0 - 1 3 6 0 ° C , smal l s i l v e r - g r e y c r y s t a l s are 
obtained ( P o l l a r d & Powles, 1 9 5 2 ) . 
K r o l l and Bacon ( l 9 4 7 ) patented a method which involves 
separation of powdered pentoxides of lib and Ta by n i t r i d i n g 
a t 5 0 0 - 8 0 0 ° C wi th ammonia or a t a l i t t l e below 9 0 0 * ^ C , with 
N2 + H2 mixture. Niobium n i t r i d e i s produced i f the reac t ion 
proceeds qu ick ly , but very l i t t l e or no tantalum n i t r i d e i s 
formed. Meersor e t . a l . , (1966) have prepared the n i t r i d e a l so 
from i t s pentox ide« 
I f a compressed mixture of equimolecular proportions of niobium 
o 
n i t r i d e and niobium metal i s heated at 1 7 0 0 C f o r 1 5 minutes, the 
pale-grey hemini tr ide i s obtainedp T h i s substance i s '^.Iso 
formed i f niobium wire i s heated i n ammonia a t 1 4 0 0 = 1 8 0 0 ^ C . 
( Sep t i er , e t . a l . , 1 9 5 2 ) . 
( 5 6 ) 
1 . 1 1 . 2 The System. Niobium-Nitrogen 
The s o l u b i l i t y of nitrogen i n the niobium l a t t i c e i s very 
s m a l l ; thus Brauer & Jander ( l 9 5 2 ) found that up to about 2 atomic-
?S nitrogen would d i s s o l v e , giving the so c a l l e d g^_'"phaseo A 
phase corresponding to the composition range ^^^Woo40 " ^ ^ 0 * 5 0 
( i . e . . Nb2N) was found to be of the common * i n t e r s t i t i a l " 
s t r u c t u r a l tjrpe with the metal atoms hexagonally c lose-packed 
(Epelbaum & Ormont, 1 9 4 8 ) „ A phase which i s the r i c h e s t i n 
nitrogen ( c a l l e d g-phase by Schonberg) has the composition NbN^^ QQ 
and possesses a hexagonal l a t t i c e . A n i t r i d e of the formula 
NbjN^ has been reported way back i n 1 9 0 7 by Muthmann, e t . a l . , 
but has not been confirmed,, 
So l id s o l u b i l i t y s tud ies have a l s o been made on t h i s system 
by Taylor & Doyle ( l 9 6 7 ) , and phase transformations inves t iga ted 
by van Torn & Thomas , ^ 1 9 6 4 ) = , The niobium-nitrogen c o n s t i t u t i o n 
diagram has been examined from 1100 to 1450^0 at 1 atmosphere 
nitrogen pressure (Guard, e t ^ a l . , 1 9 6 7 ) c The phase diagram studies 
of th i s system have also been conducted by E l l i o t & Komjathy ( l 9 6 0 ) 
I 0 I 2 Tantalum N i t r i d e . TaN 
1 o 1 2 , 1 Formation 
H e l l o r ( l927s P c 1 2 6 ) and Brovm ( l 9 6 4 , p c 1 9 2 ) have summarised 
methods of production of tantalum n i tr ideo The n i t r i d e , TaN, can 
be prepared by causing tantalum metal to r e a c t vrith n i trogen or 
ammonia; C h i o t t i ( l 9 5 2 ) treated tantalum metal powder vath ammonia 
for 18 hours at 900^0, and even th i s procedure does not g i v e 
complete conversion to the mononitrideo 
When the powdered pentoxide reac t s with ammonia a t 
500-800°C or with N^ + H2 mixture a t about 900°C, l i t t l e or no 
TaN i s formed (Bagnal l , 1957) . Agte & Hoers ( l 9 3 l ) mixed 
the pentoxide with lampblack and then caused the mixture to r e a c t 
with nitrogen at 2300^C, 
The vapour phase deposi t ion of tantalum n i t r i d e (TaN) 
from T a C l ^ vapour, nitrogen and hydrogen on a heated tungsten 
f i lament i s reported (Agte & Moers, 1931)o The deposit ion i s 
d i f f i c u l t below 1600^0, because Ta metal i s deposited i n the 
presence of hydrogen. According to Agte & Noers ( l 9 3 l ) . i t i s 
best to work with pure nitrogen and to use f i l a m e n t temperatures 
as high as about 2j500-2p800*'c, A patent method based on th i s 
p r i n c i p l e i s reported (CIBA, L t d . j , 1966), 
Highly n i t r i d e d f i l m s of tantalum have been prepared by 
ca thod ica l ly sput ter ing h i g h - p u r i t y tantalum i n a pure nitrogen 
atmosphere (Coyne & Tauber^ 1968)0 Rairden ( l 9 6 8 ) synthes ized th in 
f i l m of tantalum n i t r i d e on soda-lime g lass s u b s t r a t e s by the r e a c t i v e 
evaporation process , i . e , the f i l m was deposited by evaporation of 
tantalum from an electron-beam heated source i n a n i trogen atmosphere 
a t pressures of 10"^ - 10"-^  t o r r . Another vacuum d e p o s i t i o n method 
i s g iven by Gaydou(1967)« Goon ( l 9 6 9 ) has descr ibed preparat ion 
of TaN powder by hydriding Ta^ m i l l i n g to a f ine powder, 
dehydriding and then n i t r i d i n g under condit ions to a v o i d s i n t e r i n g . 
Preparat ion of TaN by means of a nitrogen plasma j e t has been 
reported (Matsmoto & Hayakawa, 1966). The red n i t r i d e "Ta^N^' 
has been prepared from pure Ta205 and ex tra pure gaseous ammonia 
(58) 
a t 860-920*^C i n the presence of t i tanium shavings as oxygen 
ge t ter (Brauer & Weidle in , 1965)o 
1.12.2 The System. Tantalum-Nitrogen 
I n t h i s system the existence of the compound TaN with 
hexagonal close-packed s tructure apr^ared v / e l l e s t a b l i s h e d . 
C h i o t t i ( l 9 5 2 ) , however^ presented evidence i n d i c a t i n g that the 
s t r u c t u r e a t t r i b u t e d to TaN i s a c t u a l l y that of Ta2No The same 
conclus ion has a l so been reached by Rundle ( l948) from t h e o r e t i c a l 
cons iderat ions . The *Ta2N^ phase has a homogeneity range of 
^^^0,5 ~ 'raN0o41s while the ^TaN^ phase has a homogeneity range of 
TaN to TaNo^99» 
Inves t iga t ions perta in ing to the s o l u b i l i t y of ni trogen i n 
tantalum has been c a r r i e d out by G r i f f i t h s & Pryde ( l 9 6 7 ) y 
Osthagen & Kofstad ( l 9 6 3 ) & Bakish ( l958 )o The e q u i l i b r i u m 
s t u d i e s i n the system tantalum=nitrogen have been reported by 
Gebhardt e t . a l . , ( l 9 6 l ) and U.S . A i r Force Technological Dividon 
i n 1966, 
1.13 Chromium N i t r i d e , CrN 
1o13o1 Formation 
Preparat ive methods have been descr ibed b r i e f l y by Mellor 
(1927, p.126) and Brown (1964, p , 1 9 7 ) o 
Chromium n i t r i d e (CrN), can be prepared by the d i r e c t combin-
a t ion of nitrogen and chromium at 900°C and 25 atmospheres^ 
(Nexzmann, e t . a l . , 1931; Duparc e t ^ a l . , 1930), K i e s s l i n g & L i u 
(1951) report the formation of Cr2N as w e l l as CrN by r e a c t i o n of 
chromium borides with dry ammonia. At 735^C only CrN i s obtained; 
( 5 9 ) 
between 8 0 0 ° and IIOO^C both n i t r i d e s are formed w h i l s t a t 
1,180^C, only Cr2N i s formed. Arkharov e t a l . , ( l 9 5 9 ) , conf irm 
that n i t r i d a t i o n of chromium below 1030^, produces l a y e r s of the 
two di f f ierent phases, a t h i c k e r inner l a y e r of Cr2N and a thinner 
outer l a y e r of CrN, 
De G e l i s ( l 9 6 6 ) has been able to prepare the n i t r i d e 
by the a c t i o n of ammonia on chromi\im ( i l l ) c h l o r i d e . The 
l a t t e r , i n f i n e l y d iv ided s t a t e , i s heated to above 5 0 0 ° C under 
vacuum and ammonia i s added from a r e s e r v o i r to maintain 1; 
atmospheric pressure . Another method patented by Gooding & 
P a r r a t t ( l 9 6 5 ) involves s i n t e r i n g of chromium metal povxder i n 
hydrogen atmosphere f o r 24 hours and then n i t r d i n g i n a furnace 
with nitrogen, a l so f o r 24 hours a t an optimum temperature 
range of 1400-1450<^C. 
The formation of textured chromium n i t r i d e l a y e r s on chromium 
(produced i n vacuo by condensation on Mo-plates from the vapour 
phase) has been studied by V a s y u t i n s k i i e t , a l o , ( l 9 6 2 ) . The 
hemi-ni tr ide (Cr2N) has been obtained a l so by t r e a t i n g chromium 
metal powder with nitrogen and hydrogen gas mixture i n the temp-
erature range 1100-1310°C (Schwerdtfeger, 1 9 6 7 ) « 
1,13.2 The S_ystem., Chromium°Nitrogen 
The two. n i t r i d e s of chromium, Cr2N and CrN are now w e l l - e s t a b -
l i shed compounds. B l i x ( l 9 2 9 ) has made an X - r a y study of a s e r i e s of 
chromium-nitrogen products which had been prepared by heat ing 
e l e c t r o l y t i c chromium i n a stream of ammonia at 900°C. He concluded 
from h i s work that the s o l i d s o l u b i l i t y of n i trogen i n chromium can 
(60) 
be only low. According to B r i c k & Creevy ( l 9 4 0 ) p l i q u i d 
chromium d i s s o l v e s at atmospheric pressure 4- per cent by 
weight of n i trogen, B l i x ( l 9 2 9 ) a l so revealed the ex i s t ence 
of two intermediate phases i n the systemc I n one of these , c o r r -
esponding to Cr2N, the nitrogen atoms have random i n t e r s t i t i a l 
pos i t ions i n the hexagonal c lose-packed C r - l a t t i c e . E r i k s s o n 
( 1 9 3 4 ) observes that t h i s hexagonal phase (Cr2N) has a "super-
s tructure" with a volume three times that of the c lose-packed 
hexagonal l a t t i c e . The other phase reported by B l i x ( l 9 2 9 ) 
corresponds to CrN and has the cubic sodium chlor ide s t r u c t u r e „ 
The equi l ibr ium s t u d i e s on the system Cr-CrgN-CrN have 
been performed by H i l l s ( 1 9 6 7 ) 0 He has reported that CrgN and 
CrN both exh ib i t a homogeneity range; the upper l i m i t of CrgN 
i s 1 1 c 3 5 v/eight -^N, which i s l e s s than the s to i ch iometr i c value 
of 1 1 . 8 7 weight % ni trogen. The lower l i m i t v a r i e s from 1 0 ^ 4 5 
wt ^ N a t 9 5 0 ° to 8 o 7 wt„ ^ N at 1 2 0 0 ° ^ 
I 0 I 4 MolvbdenxAm Nitr ide^ HoN 
I 0 I 4 . I Foijgation. 
Mellor ( 1 9 2 7 , P o l 2 8 ) and Brown ( 1 9 6 4 ? p o 2 0 0 ) have sunimarised 
the var ious production methods used to obtain molybdenum o i t r i d e * 
The r e a c t i o n betvreen molybdenum and hi trogen proceeds at a 
correspondingly lower ra te than the one between chromium and 
nitrogeho Henderson & G a l l e t l y ( 1 9 0 8 ) reported that by r e a c t i o n 
o 
of m e t a l l i c molybdenum with ammonia a t 850 C^ only a s m a l l portion 
of the metal i s transformed into n i t r i d e . An X-ray i n v e s t i g a t i o n 
of the products of the ac t ion of ni trogen on molybdenum a t 
(61) 
temperatures between 4 0 0 * ^ C - l O O O ^ C showed no i n d i c a t i o n of 
n i t r i d e formation (Ghosh, 1 9 5 2 ) . Hagg ( l 9 3 0 ) n i t r i d e d very 
pure molybdenxim f o r 4 hours i n a porce la in tube furnace w i th 
ammonia between 4 0 0 ^ = 7 2 5 * ^ 0 , The amount of nitrogen i n the product 
ranged from 0 , 7 7 weight - ^ to T o 1 5 weigjit or 5 . 1 atomic -io 
to 3 4 . 6 atomic - J o , r o s p e c t i v e l y . 
By c a r r y i n g out the n i t r i d i n g r e a c t i o n for periods up to 1 2 0 
hours a t lOO^C, Hagg ( l 9 3 0 ) was able to obtain products wi th 
ni trogen contents of up to 48 a t o m i c - ^ , 
A patent method for obtaining molybdenum n i t r i d e c o n s i s t s 
of passing anhydrous ammonia on heated finely-pov^dered molybdenum 
oxide (Oswald, I 9 5 0 ) c Molybdenum p la te and wire annealed at 
o 
1 4 0 0 C absorb only very smal l q u a n t i t i e s of nitrogen between 
9 0 0 and 1 2 0 0 ° C ( S i e v e r t s & Zapf, 1 9 3 6 ) . Unannealed molybdenum 
wire , however, absorbs much greater q u a n t i t i e s of n i t rogen , 
S i e v e r t s & Zapf ( l 9 3 6 ) a l s o report that on cooling unannealed 
molybdenum wire that has d i sso lved n i trogen a t h i ^ e r temperatures, 
a n i t r i d e phase separates ; this can be demonstrated m i c r o s c o p i c a l l y 
and by X - r a y s . 
Hatsumoto ( l 9 6 6 ) prepared M 0 2 N by the nitrogen plasma j e t 
i n a 409^ y i e l d a The maximum sur face temperature of Ho was 2 9 0 0 ^ 0 , 
1 , 1 4 o 2 The System. Molybdenum-Nitrogen 
A phase diagram of the molybdenum-nitrogen system consti-ucted 
by Hagg has been reproduced by Brown ( l 9 6 4 , p c 2 0 2 ) . Hagg ( 1 9 3 0 ) 
based h i s inves t iga t ions on X - r a y measurements on the products 
obtained by treatment of the pure metal powder with ammonia a t 
( 6 2 ) 
temperatures from 4 0 0 ° C to 7 2 5 ° C f o r periods of up to tv;o days. 
He has reported four phases:-
( i ) d^- phase representing the G o l u b i l i t y of nitrogen i n 
molybdenuro \-:hich i . ^ \'ery s r i a l l . 
( i i ) ^ - phase, v;hich i s s tab le only above 600^C, The 
homogeneity range l i e s a t about 2 8 atomic % of nitrogeno 
The metal atom form a face -cen tred tetragonal l a t t i c e ^ 
Hagg could not a s c e r t a i n the pos i t ions of the nitrogen 
atomso 
( i i i ) ^ -phase a t temperatures below 6 0 C V 7 0 0 ^ C c Th i s phase 
has a naiTOi^ homogeneity range i n tiie region of 3 3 atomic 
N, corresponding to formula MopNo The metal atoms 
form a face-centred cubic l a t t i c e 
( i v ) phase v/hich e x i s t s at about 5 0 atomic of 
nitrogen, corresponding to the formula MoN, The metal 
atoms form a s ing le hexagonal l a t t i c e ; the weak e x t r a 
l i n e s i n the X-ray diagram i n d i c a t e the exis tence of a super-
l a t t i c e . According to Paul ing e t . a l . , ( l 9 5 2 ) , the d i s tance 
of 2 , l 6 X bet^^een molybdenum and nitrogen atoms i n th i s 
phase ^ e e s with the assumption of half-bondSo 
The work of Hagg has been confirmed i n a l l respects by Schonberg 
( l 9 5 4 ) c He has found that the phase i s a super - s t ruc ture containing 
8 MoN moleculesc I t i s a l so suggested that i n t h i s phase' the non-
metal atoms are s i t u a t e d at the centres of t r igona l prisms ( l a r g e s t 
i n t e r s t i c e s ) o f metal atoms. 
(63) 
CHAPTER I I 
EXPERIMENTAL TECHNIQUES 
The experimental techniques employed i n th i s vjork, inc lud ing 
the p r i n c i p l e s under ly ing them and a d e s c r i p t i o n of the r e l e v a n t 
apparatus, are described b r i e f l y i n t h i s chapter. 
2 ,1 X-rav D i f f r a c t i o n 
An extensive account of the theory and p r a c t i c e of X - r a y 
d i f f r a c t i o n techniques i s given by P e i s e r and Coworkers. ( l960, 
pp. 2 7 - 3 2 2 ) . 
2 . 1 . 1 . Theory of X - r a y D i f f r a c t i o n 
A c r y s t a l c o n s i s t s of a regu lar three dimensional network 
of atoms i n space« Points having i d e n t i c a l surroundings i n the 
s tructure are c a l l e d l a t t i c e points , and a c o l l e c t i o n of such points 
in space form the c r y s t a l l a t t i c e . I f the neighbouring l a t t i c e 
points are jo ined together^ the u n i t c e l l i s obtained. I t i s the 
smal lest repeat ing u n i t of the s t r u c t u r e . I n general the u n i t 
c e l l i s a p a r a l l e l e p i p e d , but i n some cases , depending on the 
S3nnmetry of the c r y s t a l , i t can have more regular shape, e . g . , 
a rectangular box, or i n the extreme case , a cube. The shape of the 
un i t c e l l i s completely described by the length of i t s three edges 
or axes and the angles betv/een them. By convention, the axes are 
named x, x> S. ^» i » c and the angles cL , ^ , 
The angle between x and 7.. i s , and so on. 
C r y s t a l s have been c l a s s i f i e d into seven c l a s s e s depending 
on t h e i r eymnetry. The uni t c e l l dimensions of a c r y s t a l obey some 
r e l a t i o n s h i p s according to the c r y s t a l c l a s s . These r e l a t i o n s h i p s 
are presented i n Table 2 ,1 
(64) 
TABLE 2.1 C l a s s i f i c a t i o n of C r y s t a l s 
C r y s t a l C l a s s Conditions L i m i t i n g C e l l 
Dimensions 
Minimum Symmetry 
{ T r i c l i n i c 
- Monoclinic 
' OrthorliOiibic 
,C = 90*^  /> I one 2 - fo ld ax is or ; 
one plane of symmetry 
b c c 90^ Two perpendicular 
2 « f o l d axes or two 
j perpendicular planes 
1 of symmetry 
^Tetragonal a = c =/' = »"= 90" ono 4- fo ld a x i s 
^Hexagonal a = c =/' =900/^120° one 6-fold a x i s 
iTrigonal a = b = c f = . / ^ 90° one 5-fold a x i s 
j Cubic a = b = c i =/* = y'' = 90" Pour 5- fo ld axes 
I t i s poss ible to draw various s e t s of p a r a l l e l planes t h r o u ^ 
the l a t t i c e points of a c r y s t a l . Kach se t of p a r a l l e l planes i s 
i d e n t i f i e d by a se t of three i n t e g e r s , namely, the H i l l e r ind i ce s , 
Kf 1,9 corresponding to the three axes Jb, ^ , r e s p e c t i v e l y . The 
index h i s the r e c i p r o c a l of the f r a c t i o n a l value of the in t ercept 
made by the set of planes on the a. axiSp and so on. 
vrhen an inc ident beam of X-rays impinge on a c r y s t a l , they are 
sca t tered by the atoms. Since the s c a t t e r e d r a d i a t i o n r e s u l t s from 
the a c c e l e r a t i o n and dece lerat ion of e l ec trons s e t i n motion by the 
X - r a y s , i t has the same wave-length as the i n c i d e n t X-rays^ This 
f a c t plus the r e g u l a r i t y of the pat tern of atoms i n a c r y s t a l , permits 
the c r y s t a l l a t t i c e to a c t as a three dimensional d i f f r a c t i o n g r a t i n g . 
(65) 
A d i f f r a c t e d beam emerges from a p a r t i c u l a r se t of l a t t i c e planes 
when t h e i r s c a t t e r i n g i s i n phase* T h i s i s governed by Bragg's 
Law: 
>= 2 d Sin ': 
vJhcre, }\= Wavelength of X-rays 
d = i n t e r p l a n a r spacing 
and C' = angle of inc idence = angle of d i f f r a c t i o n 
d i s r e l a t e d to the u n i t c e l l dimensions of the c r y s t a l and the 
M i l l e r ind i ce s of the s e t of planes.. Hence, the measurement of 
Bragg angles can lead to the detennination of l a t t i c e parameters. 
V/hen the c r y s t a l i s l arge , i . e . , there are a large number of 
l a t t i c e planes i n each se t , the d i f f r a c t e d beam appears a t a sharp 
angle. However^with apprec iably smal l c r y s t a l s , d i f f r a c t i o n takes 
place.over a range of Bragg ang le . The X-ray l i n e broadening 
provides information on c r y s t a l l i t e s i z e . 
I f a s i n g l e c r y s t a l of a substance i s ro tated i n a beam of 
monochromatic X-rays^, the d i f f r a c t i o n pat tern f o m s a s e r i e s of 
spots on a photographic f i l m . However, i f the sample i s i n the 
form of a powder vrith the c r y s t a l l i t e s i n random o r i e n t a t i o n , 
the d i f f r a c t e d beams l i e along the surfaces of a s e t of c o a x i a l 
coneso The pattern can then be recorded photographical ly i n a powder 
camera, or by scanning with n r a d i a t i o n detector j ( e .g ,^ Geiger counter) 
moving continuously around the d i f f rac tometer t a b l e . 
The d i s t r i b u t i o n with respect to Bragg angles and i n t e n s i t i e s 
of the d i f f r a c t e d beams i s c h a r a c t e r i s t i c of a p a r t i c u l a r s t ruc ture 
and can be used ther-jfore as a means of i d e n t i f i c a t i o n . The X-ray 
(66) 
powder d i f f r a c t i o n patterns of most of the c r y s t a l l i n e substances 
are recorded i n the A.S.T.Ho to which reference can be made to 
i d e n t i f y "unknown" substances. The powder pat tern of a mizture of 
c r y s t a l l i n e substances c o n s i s t s of the superimposed patterns of the 
i n d i v i d u a l s t r u c t u r e s . Thus, the method can be used to i d e n t i f y 
the d i f f e r e n t components of a mixture a l s o , 
2,1.2o X-ray Generators 
Two X-ray generators of d i f f e r e n t designs were used f o r the 
d i f f r a c t i o n experiments, namely, (a ) a S o l u s - S c h a l l u n i t connected 
to a sealed tube containing the f i l ament and t a r g e t , (b) a Raymax 
60 generator manufactured by Newton V i c t o r L i m i t e d , with i n t e r -
changeable target and replaceable f i lament and kept, continuously 
pumped by an o i l d i f f u s i o n pump coupled to a r o t a r y pump. A s ealed 
tube generator has a more s tab le X-ray output than a continuously 
pumped one. The r a d i a t i o n used was the well-known Copper K^^ ., 
wavelength 1.542X . This was obtained by having a copper target and 
a n i c k e l f i l t e r to remove the componento 
2,1.'3. Debye-Scherrer Powder D i f f r a c t i o n Camera 
The phase compositions of c r y s t a l l i n e samples were inves t igated 
by recording t h e i r powder d i f f r a c t i o n patterns i n two wayso ( 0 
by a photographic method, and (2) by u s i n g an X-ray d i f f rac tometer 
with attached counter and ratemetero 
For the photographic method of recording d i f f r a c t i o n d a t a , a 
Debye-Scherrer camera, of 9 cm diameter and manufactured by Unicam 
Instruments L t d . , was used. The s t r i p of f i l m was mounted according 
to the V i n ; r k e l Method. The specimen f o r X-ray i n v e s t i g a t i o n was 
(67) 
prepared by loosely f i l l i n g a g l a s s c a p i l l a r y tube - about 
Oo5 nun i n diameter and 1 cm.Iji length - vrith the c r y s t a l l i n e 
powder, and sea l ing both ends of the c a p i l l a r y tube wi th an 
adhesive. The sample was mounted v e r t i c a l l y along the camera 
a x i s and necessary alignment was made by means of two push-pul l 
screws se t at r igh t angles to each other . The specimen v;a3 
rotated about the camera ar-iic "jc.i.-etiuently bringing each set of 
l a t t i c e planes of e/ery c r y : i t a l l i t e to a d i f f r a c t i n g p o s i t i o n 
s e v e r a l times during an exposure. I n t h i s way, v a r i a t i o n s i n 
the inc ident X-ray i n t e n s i t y were accounted. To avoid the 
s c a t t e r i n g of X-rays by a i r the camera was evacuated by having 
i t continuously pumped during the exposures which v a r i e d up to 
s e v e r a l hours. The powder camera was used i n conjunct ion with the 
Raymax-60 generating unito 
Kodirex X-ray f i l m s were used i n the powder camera. A f t e r 
o 
exposure the f i l m was develo icd for 5 minutes at 20 C in Kodak 
D-196 developer, r insed with water, f i x e d i n Kodak PX-40 
f i x e r , washed i n running water f o r -J- hour and hung up to d r y . 
The f i x i n g time v;as twice the time required f o r the mi lk iness 
on the f i l m to disappear. T h i s was u s u a l l y about 5'»'6 minutes. 
The f i l m s were examined and measured on an i l l i iminated screen f i t t e d 
Kith a s c a l e . The i n t e n s i t i e s of the po;;der d i f f r a c t i o n l i n e s were 
v i s u a l l y compared. 
2 .1 .4 . The Counter Di f fractometer 
The counter d i f f rac tometer gives a d i r e c t , simple and accurate 
measurement of Bragg angles of the var ious r e f l e c t i o n s in the powder 
(68) 
d i f f r a c t i o n patterns. This method v/as used extens ive ly i n th is 
work as i t has the added advantage of r a p i d d e t e m i n a t i o n and 
i n t e r p r e t a t i o n of i n t e r p l a n a r spacii!f:s. A S5lus S : h a l l X - r a y 
d i f fracto iaeter fit^-ed viith a Gsigor counter and connected to a 
Panax ratemcter and an h l l l io t chart recorder was used. The d i f f -
ractometer works on the focuss ing p r i n c i p l e described by Bragg & 
Brentano. The diameter of the d i f fractoraeter i s 50 cm. 
The sample fi)r examination v/as prepared by pouring a suspension 
of the c r y s t a l l i n e powder i n acetone onto a g l a s s s l i d e . Genera l ly 
i t was necessary to mix an adhesive with IJie susi:>ension to ensure 
the adherence of the powder to the g l a s s s l i d e when the organic 
solvent evaporated. The g l a s s s l i d e containing the f l a t specimen 
was mounted v e r t i c a l l y at the centre of the d i f f rac tometer on a 
c i r c u l a r specimen table and rotated a t h a l f the speed of t h e detector. 
The X - r a y s , generated i n a sea led tube u n i t , passed through a 
co l l imator diaphragm on to the specimen. The r e f l e c t e d X-rays from 
the sample are inc ident on the counter diaphragm. The i n t e n s i t y 
of the d i f f r a c t e d rad ia t ion as a funct ion of the difx^racting angle,^ , 
\ras given by the chart recorder coupled to the assoc ia ted rate -meter . 
The f u l l chart d e f l e c t i o n could be made equal to 2,000 10,000 
or 40,000 counts per minute to acconinodate the t races of the peaks. 
To give reasonably smooth t r a c e s , a time constant of 25 seconds 
was used for the most expanded s c a l e (2^000 c p . n ) and 5 seconds 
for the other tv;o sc.-:l?.s. oince the peaV:3 are recorded at d i f f e r e n t 
t ines by the d i f f rac tonet - j r , i t j s necessary to have a s t a b l e inc ident 
beam of X - r a d i a t i o n . Hence the sealed - o f f tube type generator v:ith 
a copv.er targ^st was used with the d i f f ractome l e r . I t was necessary 
( 6 9 ) 
to use n i c k e l f i l t e r to remove component, f o r obtaining 
monochromatic r a d i a t i o n . The tube was operated at a r a t i n g of 
30 KV and 10 ma. The E l l i o t c h a r t recorder could be operated 
a t e i t h e r 3 inches per hour or a t 30 inches per hour and records 
the l i n e i n t e n s i t i e s . Both the specimen and the counter could 
be rotated i n a clockwise or ant i -c lockv / i se d i r e c t i o n by means 
of a geared e l e c t r i c motor having three a v a i l a b l e speeds of 
"i", 1 and 2 angular degrees per minute. The phase composition 
s tudies of a l l the specimens wore c a r r i e d out a t one angular 
degree per minute w h i l s t a l l l ine-broadening i n v e s t i g a t i o n s were 
made a t -J- of an angular degree per minute. The recordings of the 
d i f f r a c t e d r a d i a t i o n were used f o r two purposes. F i r s t l y , to 
q u a l i t a t i v e l y analyse the o r i g i n a l n i t r i d e samples and t h e i r ox id-
a t i o n products f o r t h e i r phase composit ion. Secondly, to 
estimate the amount of l ine-broadening by measuring the i n t e n s i t y 
and breadth of the r e f l e c t i o n s of the appropriate samples i . e . , 
b a l l - m i l l e d n i t r i d e s . The measurements on these specimens were 
made as fo l lows . The best smooth l i n e was drawn tiirough the 
s t a t i s t i c a l l y f l u c t u a t i n g pattern recorded on the c h a r t . I n order 
to obtain the i n t e n s i t y of a p a r t i c u l a r peak, the mean background 
l e v e l on e i t h e r s ide of the peak was subtracted from the i n t e n s i t y 
a t the n ax .mum peak he ight . The breadth of the peak was measured 
at half-maximum i n t e n s i t y . This measurement was c a r r i e d out, with 
a r u l e r , to a p r e c i s i o n of about 5 per cent of the breadth. 
(70) 
2 , 1 . 5 X-ray Line Broadening 
The l i n e s or peaks i n a d i f f r a c t i o n pat tern are always 
broadened due to instrumental causes ( e , g . the f i n i t e s l i t - w i d t h 
of a counter d i f f ractometer) . I n add i t ion , there may occur an 
i n t r i n s i c broadening, i . e . , a broadening as soc ia ted V7ith s m a l l 
c r y s t a l l i t e s i z e or c r y s t a l l a t t i c e s t r a i n of the sample. 
The ground n i t r i d e samples gave such i n t r i n s i c a l l y broadened l i n e s . 
A d i s cus s ion of the causes of l i n e broadening has therefore been 
included. 
2 .1 .51f t} Broadening due to smal l c r y s t a l l i t e s i z e 
I f the l i n e a r diiDenaions of the c r y s t a l l i t e s i n a specimen 
f a l l below about 100o2 ,^ appreciable i n t r i n s i c broadening of the 
l ine s w i l l r e s u l t . The mean c r y s t a l l i n e dimension (D ) noimal to 
,r 
the d i f f r a c . i planes i s r e l a t e d to the i n t r i n s i c broadening 
(^) by the S :herrer equat io i . i ( i918)^ 
D = K X 
Cos 
Where, K = the S ;herrer constant , approximately eqiial to 
u n i t y . 
A = the wave length of the X - r a y s 
and & = the r e f l e c t i n g or " Bragg" . angle ( P e i s e r e t . a l . 1955f p-413) 
The value of K depends on the way the l i n e width p i s measured 
( i n t e g r a l breadth or breadth at half-maximum i n t e n s i t y ) . The shape 
and s i z e d i s t r i b u t i o n f a c t o r s f o r the c r y s t a l l i t e s , as v;el l as the 
shape and breadth of the d i f f r a c t i o n p r o f i l e a f f e c t the value of K, 
I n view of the f a c t that l i t t l e i s u s u a l l y known about these f a c t o r s , 
the absolute accuracy with which one can c a l c u l a t e the c r y s t a l l i t e 
(71) 
dimensions cannot be expected to exceed the range of 25 to 50 per cent,' • 
For t h i s reason the value of D i s of ten c a l l e d the apparent ^ c r y s t a l l i t e 
s i z e ; The r e l a t i v e values of D, p a r t i c u l a r l y f o r a r e l a t e d s e r i e s 
of specimens, v / i l l i n genera l be r e l i a b l e to a p p r e c i a b l y g rea ter ' 
extent. 
According to the recommendation by K:ug and. Alexander (1954), the 
widespread p r a c t i c e of putting. K equal to u n i t y has been adopted 
i n the present work. This has been claimed to provide an easy 
comparison of the most published inves t i ga t ions i r i r t h i s • f i e l d ; •' * 
2 .1,5fh) Broadening due to L a t t i c e D i s t o r t i o n 
The mean l a t t i c b "dis tort ion or l a t t i c e s t r a i n (vj) normal to 
the d i f f r a c t i n g planes i s r e l a t e d to the i n t r i n s i c broadening {}=>) , 
by the re la t ione 
' i f .= 3 Cot 
The broadening i s ( auied by v a r i a t i o n s i n the dimensions'of the 
u n i t ce l lo The; s t r a i n d i s t r i b u t i o n f a c t o r w i l l a f f e c t the shape . 
and breadth of the d i f f r a c t i o n p r o f i l e « There i s l i t t l e information 
a v a i l a b l e about such a fac'tor and thus the absolute acctiracy with 
which the s t r a i n can be c a l c u l a t e d w i l l be pooro The value of 5'^  i s 
often termed as the apparent s t r a i n componentc There i s a l so an 
inherent d i f f i c u l t y i n separat ing the ins trumental from the 
i n t r i n s i c l i n e broadening which adds a f u r t h e r ' amount of uncer ta in ty , 
to the value of o The same d i f f i c u l t y a r i s e s i n the determination 
of D. 
2 ,1 .6 . Measurement of I n t r i n s i c Broadening:-
The experimental ly measured l i n e breadth has to be correc ted 
(72) 
twice i n order to obtain the i n t r i n s i c broadening, A c o r r e c t i o n has 
to be made because the d i f f r a c t e d r ad ia i*icn i s not monochromatic, but 
cons i s t s of an *>^ -^- doubJot (l-'-f^.jj ar.d 'v,=='f-^ -^ J). 
I n s t r u m e n t a l broadenJr^ hns a l s o to c o r c e c t o d f o r . Unfortunately 
the amounts of broadening due to var ious f a c t o r s such a s non-
monochromatic, instrumental and i n t r i n s i c ones are not l i n e a r l y 
add i t i ve , A g r a p h i c a l method due to Jones Cl938) has been used to e f f e c t 
the separat ions . The curves are reproduced i n Appendix 1 and can 
be used to c a l c u l a t e the i n t r i n s i c broadening due to the s i n g l e 
r a d i a t i o n , K -^-^^ The symbols shown i n the Appendix have the 
fol lowing meanings. 
Radiat ion Observed Breadth Instrumental I n t r i n s i c 
Breadth Broadening 
B' 
K -'i^:.doublet b^ 
The angular separat ion , .A, of tiie K = r ^ ^ ^ and K~kL2 r a d i a t i o n s i s 
ca l cu la ted us ing the express ion, v/hose d e r i v a t i o n i s given i n 
Appendix 2 , 
A = 3 6 0 ArXa."^ X-^ A tan 0 = C tan © — —. average 
X average 
The value of C f o r copper K =#.4 r a d i a t i o n i s 0 „ 2 8 5 a 
The i n t r i n s i c l i n e broadening of the m i l l e d n i t r i d e samples 
were determined by comparing t h e i r X - r a y powder l i n e p r o f i l e s with 
those of the o r i g i n a l n i tr ides , , The broadening of the l a t t e r 
samples was assumed to be e n t i r e l y due to instrumental f a c t o r s . T h i s 
assumption i s reasonable i n vif;v7 of the condi t ions of production of 
the n i t r i d e . At the temperatures of format ion ( > 1 2 0 0 ^ C i n most cases ) 
( 7 - j ) 
the n i t r i d e c r y s t a l l i t e s are extens ive ly annealed and therefore free of 
s t r a i n . A l so , because these temperatures are w e l l above the respec t ive 
Tammann temperatures of the compoundsp s i n t e r i n g i s expected to be 
extensive . This i e confirmed by e l ec tron and o p t i c a l microscopic 
examination of the samples and a lso by sur face area determination by 
gas sorpt ion . The surface areas of these samples were found to be 
mostly below 1i m g \ Further conf irmation of the above assumption 
was made by comparing the X-ray l i n e p r o f i l e s of the n i t r i d e samples 
with those of the cleavage plane (2022 r e f l e c t i o n ) of a s i n g l e 
c a l c i t e c r y s t a l s The 2022 r e f l e c t i o n a t 14*^43^ was used mainly to 
standardize the d i f f rac tometer s e t t i n g s f o r each n i t r i d e . 
The curve of /^/b against b/g was der ived by Jone ( l938) us ing the 
funct ions 
where, K = a constant 
and, X = the angular dis tance from the top of the peako 
This func t ion descr ibes the i n t e n s i t y d i s t r i b u t i o n across the 
d i f f r a c t i o n l i n e obtained under i d e a l condit ions of no ins trumental 
broadening. The evidence a v a i l a b l e so f a r (Jones, 1958, 1950) suggests 
that t h i s funct ion i s the best one to d e s c r i b e the i n t r i n s i c d i f f r a c t i o n 
p r o f i l e where an even d i s t r i b u t i o n of c r y s t a l l i t e s i z e s or s t r a i n s 
i s present . I n applying the Jones" Method of correc t ion , i t was 
assumed that there was such a d i s t r i b u t i o n of c r y s t a l l i t e s i z e s 
or s t r a i n s i n the mi l l ed m a t e r i a l . 
2 „ K 7 . The I n t e r p r e t a t i o n of I n t r i n s i c Broadening 
During mi l l ing^ e i t h e r a s t r a i n e d l a t t i c e or very s n a i l c r y s t a l l i t e s 
(74) 
or both may be produced. These i n turn may give r i s e to 
i n t r i n s i c l i n e broadening. I n theory, i t should be poss ible to 
d i s t i n g u i s h betx^een these two poss ib le causes of broadening s ince : -
-7 -U .--sec C' - f o r small c r y s t a l l i t e broadening, 
and /: c-^ tan ,} - f o r l a t t i c e s t r a i n broadening, 
Klug and Alexander^ have pointed out that the task of matching the 
experimental data requires a prec i se technique and high accuracy . 
Further d i scuss ion of t h i s method of separat ing the causes of 
i n t r i n s i c l i n e broadening w i l l be dea l t with i n subsequent chapters 
2 o 2 E l e c t r o n Microscopy,and D i f f r a c t i o n 
Comprehensive accounts of the theory and prac t i ce of e l ec t ron 
microscopy and d i f f r a c t i o n are given by H i r s c h e t . a l , , (l965), 
Kay (1965) and Zworykin e t o a l . , (l945)o 
2.2,1. Theory of E lec tron Microscopy & D i f f r a c t i o n 
A beam of e lectrons possesses wave proper t i e s s i m i l a r to 
those of a beam of electromagnetic r a d i a t i o n , the wavelength being 
given by the de Broglie r e l a t i o n s h i p : 
— Jl — 1L= • ' ' * «• • • ( i ) 
p mv 
V/here, 
= wavelength 
h = p lanck ' s constant 
m = mass of an e l e c t r o n 
V = v e l o c i t y of e l e c t r o n 
and p = momentum of the e l e c t r o n 
I f the a c c e l e r a t i n g potent ia l d i f f e r e n c e i s V^, the energy, E, 
of an e l ec tron i s given by; 
E = -J- mv^ = Ve ( i i ) 
V/here, e = e lectron charge 
(75) 
Combining equations ( i ) and ( i i ) and e l iminat ing V, i t fo l lows? 
A = h o o o o o , o , c ( i i i ) 
r — 
v'2 meV 
A r e l a t i v i t y c o r r e c t i o n has to be app l i ed to equation ( i i i ) to 
account for the v a r i a t i o n i n the mass of the e l ec t ron wi th v e l o c i t y , 
which i t s e l f depends on the voltagep I n p r a c t i c e , however, the wave 
length i f required, i s determined by recording the d i f f r a c t i o n 
pattern o f a substance with known u n i t c e l l dimensions. T h i s 
enables a s ing le f a c t o r , the camera constant , L X o to be ca lculated^ 
where L_ i s the e f f e c t i v e camera length. I f the same instrument, 
i s used a t the same a c c e l e r a t i n g vo l tage , then L X remains constant . 
At an a c c e l e r a t i n g voltage of 1 0 0 k i l o v o l t s , the wavelength of 
o 
an e l e c t r o n i c beam i s O o 0 3 7 A o 
As mentioned e a r l i e r , i n view of the f a c t that e l e c t r o n beams 
possess wave propert i e s , they can be used i n a magnifying instrument 
with electromagnetic f i e l d s as l enses , j u s t as l i g h t waves are used 
i n the o p t i c a l microscope with g la s s l e n s e s . The t h e o r e t i c a l l i m i t 
of r e s o l u t i o n of a microscope i s h a l f the wave-length of the r a d i a t i o n 
used. For the e l ec t ron microscope t h i s i s about 0 e 0 2 X w h i l s t f o r 
o 
an o p t i c a l microscope i t i s about 2 0 0 0 A o The shorter wave length 
of e l ec trons enables a much greater r e s o l u t i o n to be achieved on tiie 
e l ec tron microscope, altho\igh th i s i s S t i l l very f a r from the theoret-
i c a l l i m i t . 
The construct ion of an e lec tron microscope, i s i n p r i n c i p l e , 
s i m i l a r to that of the o p t i c a l microscope, Figure 2 . U I t c o n s i s t s 
of a cathode, JC, which provides a source of i l l u m i n a t i n g e l e c t r o n s . 
( 7 6 ) 
r 
A high voltage s t r u c k between^ and the anode A, , a c c e l e r a t e s the 
e l ec trons , vrhich pass through a small hole i n A,. The condenser 
lense, L c , converges the e l e c t r o n beam on to the specimen, 0, s i tuated 
i n ihe magnetic f i e l d of the objec t ive l e n s , Lo. An image, I | 
i s formed due to magni f icat ion by the o b j e c t i v e l e n s „ This i s fol lowed 
by f u r t h e r magnif icat ion by the projec tor l e n s , Lp^ to form a f i n a l 
linage, I2 on a screen, S^ o The microscope, used i n t h i s work and 
described i n the next s e c t i o n , cons i s t s of two more lenses (not shown 
i n the f i g u r e ) , namely a d i f f r a c t i o n lens and an intermediate lens , 
placed between the o b j e c t i v e and the p r o j e c t o r . The intermediate 
lens enables a high o v e r a l l magnif icat ion to be reached without the 
magnif icat ions of the i n d i v i d u a l l enses having to be e x c e s s i v e l y 
large . I t also helps to keep the length of the instrument short 
and to a t t a i n e a s i l y a continuously vary ing magni f i ca t ion wi th in 
wide l i m i t s . The d i f f r a c t i o n lens i s energised only when d i f f r a c t i o n 
patterns or low magnif icat ions are required o f f the sample. 
The energy of e l ec trons i s reduced when they are scat tered 
r e a d i l y on c o l l i s i o n with gas moleculeSc Hence, the instrument i s 
operated a t a s u f f i c i e n t l y low pressure (about lO^^mm Hg). Focussing 
i s achieved by the v a r i a t i o n of the s trengths of the. magnetic f i e l d s 
by changing the current s generating them. A phosphor screen i s 
provided at the end of the tube to a l i g n and s e l e c t a s u i t a b l e part 
of the image, and the magnified image can a l so be recorded on to a 
35 mm photographic f i l m held i n a camera wi th in the instrument. 
E lec tron d i f f r a c t i o n by a c r y s t a l i s s i m i l a r i n p r i n c i p l e to 
that of X-ray d i f f r a c t i o n p but i t d i f f e r s i n c e r t a i n r e s p e c t s . 
Because of t h e i r e l e c t r i c a l charge, e l ec t rons are h e a v i l y scat tered 
( 7 8 ) 
by s o l i d materialsj, and therefore the depth of the penetration 
of the electrons i s r e l a t i v e l y small (say, a few hundred 
0 
Hence only very thin c r y s t a l s (of few hundred A thickness) can be 
used i n contrast to X-rays v;hich penetrate deeply a n d y i e l d 
information about the bulk propertieso The d i f f r a c t i o n pattern 
of a single c r y s t a l consists of " r e f l e c t i o n s " from a plane of 
reciprocal l a t t i c e p o i n t S o In t h i s cassp e l e c t r o n s , because of 
their very short wavelengths d i f f e r from X-rays« Nevertheless 
for a p o l y c r y s t a l l i n e specimen i n random or i e n t a t i o n , the 
d i f f r a c t i o n pattern c o n s i s t s of the t y p i c a l concentric pa/der 
r i n g S p provided the sample i s s u f f i c i e n t l y thin^ 
2 o 2 o 2 . The Equiment 
I n the present work^ d i r e c t transmission and d i f f r a c t i o n 
micrographs of powdered materials and transmission micrograph 
surface r e p l i c a s of si n t e r e d r e f r a c t o r y materials were obtained, 
\ising a P h i l i p s E.I'UIOOB model electron microscope (Van Dorstenp 
Nieuwdorf & Verhoeff, 1 9 5 0 ) o The instrument has a res o l u t i o n of 
0 
2 5 A p under normal operating conditionso The pumping system 
of the microscope c o n s i s t s of a prevacuum rotary pumpp a mercury 
diffusion pump and an o i l d i f f u s i o n pump^ The magnification i s 
varied by adjusting the currents to the electromagnetic lenseso 
There are also control knobs provided f o r focussing and f o r moving 
the sample holder so th?j.t d i f f e r e n t regions of the g r i d can be 
observed^ An image of a se c t i o n of the sample i s throvm on the 
fluorescent screen i n front of the observer. The magnification of 
the image i s detornined by reading a sc a l e and then referftnce i s nvide 
(79) 
to standard t a b l e S o \fhen a d i f f r a c t i o n micrograph i s required an 
exclusive area of the sample i s selected by means of d i f f r a c t i o n 
s e l e c t i o n diaphragms; the d i f f r a c t i o n lens i s switched on and the 
intermediate lens svritched off „ D i f f r a c t i o n micrographs require 
longer exposuros because of t h e i r lower i n t e n s i t y , v.'hilst trans-
mission micrographs are exposed up to a few seconds according to 
the b r i ^ t n e s s of the image. The microscope was u s u a l l y operated 
at 80 KVo 
Specimens were supported by thin films of carbon l y i n g over 
copper gridSo The carbon f i l m s were prepared i n a *'S peedivac" 
High Vacuum Coating Unit 12E6 modelp manufactured by Kdwards High 
Vacuum Ltd, The un i t c o n s i s t s of a glass work chamber sealed with 
an L sec t i o n Viton A gasketp evacuated by an o i l d i f f u s i o n pump 
backed by a rotary pump„ Low vacuum i n the work area i n s i d e the 
chamber was registered by a P i r a n i gauge and the high vacuum by 
a Penning ga\ige. The ultimate vacuum obtainable with t h i s u n i t 
was 3 X 10°^ torr„ The e l e c t r i c a l supplies to the carbon electrodes 
and tungsten filaments were provided by a lOV^ 60 amp source, the 
current being regulated as necessary by means of controls., 
2.2,3. Preparation of Samples 
Samples of the c r y s t a l l i n e pov/ders for microscopic examination 
were made by dispersing the p a r t i c l e s on a carbon f i l m supported 
on a copper grid. The thickness of the carbon f i l m was roughly 20o2. 
A copper grid c o n s i s t s of a 3 mm diameter and a mesh of square windows 
)00jim. acrossc 
The substrate used f o r depositing the carbon f i l m was f r e s h l y 
cleaved high q u a l i t y mica a v a i l a b l e from "Mica and Miconite Supplies 
(60) 
Ltd." The dimensions of the mica plates were 2 x 1 inches. A thin 
f i l m of carbon was deposited on to the mica substrate placed 
inside the workchamber by s t r i k i n g an e l e c t r i ' " a r c betvreen two 
spectrographically pure carbon electrodeso The carbon electrodes 
were of 4^ diameter^ The arc voltage was 10 v o l t s and the current 
60 amperes. The a r c vras struck i n about 8 intermittent bursts, i n 
order to cool the carbon eloctrodeso Each burst consisted of 
approximately three seconds duration^ The pressure i n s i d e the 
chamber was of the order of 5 x 10 torr^ 
The carbon f i l m was floated off on d i s t i l l e d water by c a r e f u l l y 
dipping the mica substrate a t an angle of about 45°o This operation 
stripped the carbon f i l m off the mica due to the surface tension 
of the water„ I t was f a c i l i t a t e d by trimming the mica sheet around 
i t s edges a f t e r deposition of the f i l m and contaminating the mica 
sheet by breathing h e a v i l y on to i t before depositioUo 
A section of the f l o a t i n g carbon f i l m was picked up by a copper 
grido The g r i d carrying the f i l m was transferred to a v e r t i c a l 
c y l i n d e r i c a l holder and held i n position with a c y l i n d e r i c a l cap. 
The l a t t e r had an open end, hence exposing the grid. Micro-
c r y s t a l l i n e samplesp for d i r e c t transmission were prepared by 
suspending the powder i n d i s t i l l e d water or an organic solvent which 
remained i n e r t . The p a r t i c l e s were w e l l dispersed by means of an 
u l t r a s o n i c dispersion unite A drop of the suspension was placed 
on the copper grid carrying the film> and evaporated to dryness 
under an i n f r a - r e d lamp*, F i n a l l y the sample vfas t r a n s f e r r e d into 
a microscope grid holderp vrhich v;as inserted i n the instrument. 
(81) 
2.2o4. The Replica Technique and Shadow Casting 
The p r i n c i p l e of the r e p l i c a technique involves the t r a n s f e r 
of a surface topography of a s o l i d body to a thin f i l m which may 
be observed by transmission e l e c t r o n microscopyo The d e t a i l of a 
surface may be sharpened by shadowing with a heavy metal which 
absorbs electrons strongly,, Ifhere the surface d e t a i l was 
of p a r t i c u l a r i n t e r e s t ? carbon r e p l i c a s with a shadow casting of 
palladium metal were prepared as followst 
A l i t t l e amount of a polystyrene polymer was melted on a 
glass s l i d e , which was held over a bunsen burner, u n t i l the polymer 
i s melted. The appropriate surface of the sintered sample i s 
pressed into the c l e a r melt and allowed to cool, when i t s o l i d i f i e d . 
The sintered sample surface thus tr a n s f e r r e d i t s features and 
impressions on to the s o l i d i f i e d polymer, which was fixed inside 
the vacuum u n i t and a carbon f i l m was deposited on i t , as described 
above. The f i l m r e p l i c a so produced was then shadowed i.e<. coated 
with a f i l m of palladium placed i n s i d e a ' h e l i c a l tungsten filamento 
On passing a heavy current through the filament, the thin palladium 
metal wire evaporated and struck the f i l m r e p l i c a obliquelyo 
I n t h i s manner, the surface s t r u c t u r e was highlighted^ The polymer 
was dissolved away, using 1:2 dichloroethylene<, The f i l m was picked 
up on a copper gridp dried under i n f r a - r e d lamp and the specimen 
was ready for examination, under the ele c t r o n microscopeo 
Before each evaporation operation with the filament, the l a t t e r 
was "flashed" i . e . , i t s temperature v;as r a i s e d to remove d i r t e t c . , 
by passing s l i g h t l y higher current through i t than was subsequently 
used for metal evaporationo 
(82) 
On completion of a s e t of exposures the f i l m camera was 
removed from the microscopes and developed i n a f i n e grain developer 
to give optimum contrasts P r i n t s were made from the "negative" 
on to Kodak bromide paper n o t i n g the magnification factor of the 
enlargc'nent from i t 3 neratove,, Tr, t h i s oar.nGr r3a,<3nification^ 
of over 70(000 times the or r ^ g i n a l s i z e were obtainedc 
2 o 3 Optical Microscopy 
The determination of p a r t i c l e s i z e s of specimens was c a r r i e d 
out by a P o l a r i s i n g Microscope (Manufactured by Vickers Ltd, )^ This 
i s the only method I'n which d i r e c t observation can be made of 
the p a r t i c l e s i z e ^ , B . S o 3 4 0 6 p 1 9 6 3 ) ^ Examination of the samples 
under r e f l e c t e d l i g h t , using a high poller objective (magnification 
X 4 0 ) gave an approximate estimation of s i n g l e c r y s t a l l i t e and 
agg.-egate s i z e s and shapes^ A g r a t i c u l e (as described i n B.S, 
3 6 2 5 / 1 9 6 3 ) was mounted i n the eye piece (magnification x 1 0 ) e 
The magnified image formed by the h i ^ power objective i n the plane 
of the g r a t i c u l e was viewed through the eye^piece^ The t o t a l 
magnification obtained was x 4 0 0 ^ Reference open cir c l e s p closed 
c i r c l e s and the rectangles i n s c r i b e d on the g r a t i c u l e were matched 
with p a r t i c l e s having approximately the same area. The dimensions 
of the g r a t i c u l e were c a l i b r a t e d by means of a stage micrometero 
2 o 4 Surface Area Measurement by Gas Sorption 
A most important quantity to be determined i n t h i s 
i n v e s t i g a t i o n i s the s p e c i f i c surface ( i . e o the surface area per 
u n i t mass). The amount of gas adsorbed on a s o i l d depends on the 
s p e c i f i c surface of the s o l i d . The mean p a r t i c l e s i z e of a specimen 
can r e a d i l y be calculated from i t s s p e c i f i c surface. Thus by 
( 8 3 ) 
measuring the true extent of the surface of the s o l i d under 
consideration, the changes i n p a r t i c l e s i z e produced by m i l l i n g 
or s i n t e r i n g can be followed^ A general account of the 
technqiue i s given by Gregg £: Sing ( l 9 6 7 ) » Refer also de Boer 
(rQ69) and Joy (1969) S: H r l t i a h Htandards ^35^^ Part I ( 1 9 59). 
2 j 4 1. b:^ JT Procedure 
To determine the s p e c i f i c surface of a s o l i d from the nitrogen 
sorption data, the well-known and widely used method due to 
Brunauer, Emmett & T e l l e r ( l 9 3 8 ) has been used„ Although the 
method i s open to several c r i t i c i s m s , i t i s the one very often 
used when comparing the s p e c i f i c surfaces of a s e r i e s of r e l a t e d 
solidso 
The B . R c T c equation i s u s u a l l y expressed i n the l i n e a r fonnp 
^ (Po" P) V Po 
where, 
p = pressure of adsorbate vapour i n equilibrium with 
adsorbents 
p^= saturated vapour pressure of vapour adsorbed. 
X = amount of vapour adsorbed, (gog"'^ or c,c. g**^  ) 
capacity of f i l l e d monolayer^ (g»g-"^ or c.c. g"^) 
C =: a constant, r e l a t e d to the heat of adsorption 
There are f i v e p r i n c i p a l types of adsorption isotherms as 
i l l u s t r a t e d i n Figure 2 . 2 ^ The type I I isotherms give the best 
agreement with the B K T equation over limited ranges of r e l a t i v e 
vapour pressure (Creggp 1 9 6 1 p p « 3 1 , 5 6)o Thus a plot of v 
zCpo-- p) 
( 8 4 ) 
5 8 ) 
r 
I 
against p/p^ r e s u l t s i n a s t r a i g h t l i n e of slope C =^ i and 
intercept _ J o Elimination of £ from these tivo expressions gives 
Xjj^ o The region of r e l a t i v e vapour pressure (p/p ) over v/hich a 
s t r a i g h t l i n e i s obtained i s not very greatc For a type I I isotherm, 
the values of p/p^ v a r i e s between the l i m i t s O o 0 5 to about O o 3 o 
The adsorbate vapour can be measured e i t h e r g r a v i m e t r i c a l l y or 
volumetrically (Gregg & Singn I 9 6 7 o'o - ^ P o J ^ O ) 
The s p e c i f i c surface, S^ o i s r e l a t e d to Zjjj by the equation:-
N.A^ . ^ 
M 
where, 
M = molecular weight of adsorbatej 
N = A.vogadro number., 
A^ = cross s e c t i o n a l area of an adsorbate 
molecule i n a completed monolayer^, 
I f the s p e c i f i c surface (^) of a powder i s kno\-7np the average 
c r y s t a l l i t e sir.e, !^ assuming that a l l the p a r t i c l e s are s p h e r i c a l 
can be e a s i l y dettiminedc 
4/37t( i / 2 p -n^ 
where^ -n = number of particles.- per gram of s o l i d 
and ^ = the derisiLy of the s o l i d (adsorbent) 
The assumption that a l l the p a r t i c l e s are cubic leads to the 
( 8 6 ) 
same expression^ s i m i l a r relationships can be derived f o r plate 
and needle-shaped c r y s t a l l i t e povrderso 
2 j 4 The Apparatus. 
The sorption balance used i n t h i s work i s based on one 
designed by Gregg ( l 9 4 6 p 1 9 5 5 ) o The balance atms are made of glass 
and supported on saphire needles s e t into a g l a s s cradle. One arm 
of the balance supports buckets for the sample and counterweights 
the other arm e i t h e r a solenoid or magnet enclosed i n glass and 
surrounded by an external solenoido The whole assembly i s encased 
i n glass and connected to a system of evacuation pumpSp gauges 
and gas r e s e r v o i r s . The balance used for lov/ temperature nitrogen 
adsorption as described by Glasson ( l 9 5 6 ) and B . S c 4 5 5 9 ^ F a r t I 
( l 9 6 9 ) a n d i s shown i n Figure ( 2 o 3 ) o 
The current i n the external solenoid i s v a r i e d to obtain the 
n u l l point, v;hich i s observed by noting the position of a horizontal 
metal pointer attached to the balance arm against a s i m i l a r fixed 
pointer. The instrument i s c a l i b r a t e d by measuring the current 
reauired to observe tlie n u l l point f o r known v;eight, 
2 _ 4 3c--Hea3urenent of Sorption laothonna 
The samples for vmich s p e c i f i c surfaces were to be determined, 
were placed i n the specimen backet and outgassed to remove p h y s i c a l l y 
adsorbed vapour* This was usually L?arried or -it 2 0 0 ° C by surrounding 
the balance limb v/ith a furnace (Gla'jri6n, 1 9 6 4 ^ X . 
The adsorbate was nitrogen gas (supplied cr DOC Ltd^ )^ 3 o i l i n g 
l i q u i d oxygen contained i n a Dewar f l a s k was used as a coojanc, so 
that the isotherms were measured a t = 1 8 3 ° C . The weight of the sample 
(87) 
Figure 2 o 3 
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(29) 
was determined i n vacuo, and dcses of nitrogen were introduced into 
the system. Simultaneous readings of sample vieight and nitrogen 
gas pressure were taken a f t e r equilibrium was reached^ To obtain 
the desorption branch of the isotherm ( i f necessary), increments 
of the nitrogen vapour were pumped a\my and the changes i n the weight 
of the sample again followed. 
A l l the weight changes had to be corrected f or buoyancies of 
the samples and t h e i r containers^ These were determined from 
experiments using materials of known X-ray density and negligible 
surface area„ 
2 o 5 Thermoanalytical Techniques 
The technique of thermogravimetric a n a l y s i s a t a s e r i e s of 
fixed temperatures i n a i r has been used extensively i n t h i s \70rk 
« 
as a tool for the d e t a i l e d a n a l y s i s of thermal reactions i r " o l v i n g 
fine p a r t i c l e s (Gregg & Singp 1952; Gregg & V/heatley, 1955-*' 
Gregg & Packer, 1955). I n t h i s technique the v;eight gain or loss 
of a sample can be continuously followed over a period of time 
while the temperature i s maintained constant. 
2.5ol, Thermal Balances 
The theimal balance u s u a l l y c o n s i s t s of a modified s i n g l e or 
double pan a n a l y t i c a l balance (Gregg & V/insor, 1 9 4 5 ) . I n the 
present investigation, a Stanton-Redcroft Model A 4 9 * balance v;as 
used, v;hich could detect a v/eight change of 10'"'^ gram. One 
pan of the balance was furnished, on i t s underside, with a hook 
carrying a length of nichrome wire„ The wire passed through a hole 
i n the balance shelf and supported a sample bucket^ made of s i l i c a 
(89) 
— 2 o j f o ^ Thermal grsvimetric analyslo apparatus 
A » A n a l y t i c a l balance 
B = Furnace 
C - Controller 
which was suspended i n an e l e c t r i c furnaceo The temperature i n 
the v i c i n i t y of the sample was measured using a chromel-alximel 
thermocouple placed close to the sample bucket and attached to a 
m i l l i " V o l t meter. (Baird and Tatlc -.k^Resilia) ^  The general 
arrangement i s shovm i n Figure 2.^^ 
The main k i n e t i c study war; c a r r i e d out by d e t e r m i n a t i o n of the 
v/eight g a i n on 1 gram o f a sample-,. The l u r i u i o c i s p v e - s t a b i l i s e d 
at the required temperatures and the sample i s introduced .into i t ^ 
The vjeight of the sample was recorded at known i n t e r v a l s of time^ 
Samples of unmilled and milled n i t r i d e s were studied a t a s e r i e s 
of s u i t a b l e fixed temperatures. The weight gains of tite specimen 
were plotted against the corresponding time to provide oxidation 
rates from these isotherms^ 
Newkirk (l960) has shown t l i a t changes i n the buoyancy of the 
sample and the bucket and the convection currents inside the furnace 
can cause apparent weight changes^ This e f f e c t i s more pronounced 
i n dynamic thermogravimetry ioeo the one i n which the sample i s 
heated under a continuous r a t e of increase of temperature» I n c a s e 
of isothermal weight-change determination (or s t a t i c thermogravimetry) 
t h i s e f f e c t has been assumed to be negligible^ 
2 o 5 o 2 High Temperature Vacuum Furnace 
The metals Research High Temperature Laboratory Furnace 
comprises a f u l l y sealed element assembly housed ina water cooled 
case containing alumina i n s u l t a i n g powder. The element assembly 
consists of an impervious alumina sheath, having a molybdenum element 
v/ovnW externally and placed c o n c e n t r i c a l l y inside a l a r g e r sheath 
of the same materials The sheaths are joined by a water--cooled metal 
( 9 t ) 
fXmrm Hlrii tenerature Laboratory Fornaoo 
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headerp which completes the assembly and s e a l s the annular space 
through vrhich the hydrogen i s passed to protect the molybdenum winding. 
A Vrf-Re thermocouple i s positioned i n the annular space close to the 
centre of the furnace v;incUng. 
A complete displacement of a i r from the i n t e r i o r of the furnace 
i s ensured by passing hydrogen gas a t l e a s t for an hour before the 
power supply i s switched on. This gas flow i s maintained u n t i l the 
furnace i s completely cold a f t e r a run, otherwise contraction of the 
gas i n the furnace on cooling v ; i l l permit a i r to be drawn into the 
element assembly with consequent oxidation of the dement. The 
flow rate of nitrogen gaSp used for nitrxding the Ti-base a l l o y s , 
was controlled by a gas flow meter, 
A schematic i l l u s t r a t i o n of t h i s furnace i s presented i n Figure 
2,5o 
2.5.3 Analysis of Materials 
The nitrogen content of the more i o n i c and r e a d i l y hydrolysable 
n i t r i d e s may be determined by the K j e l d a h l methods This process 
involves three stages? ( i ) D i s s o l u t i o n of the sample i n an acid 
s o l u t i o n to convert n i t r i d e s into ammonium s a l t s ^ follov/ed by addition 
of a l k a l i to l i b e r a t e ammonia ( i i ) separation of ammonia by d i s t i l l a t i o n 
and ( i i i ) determination of ammonia by standard volumetric or 
colorimetric methods. The f i r s t stage i s very d i f f i c u l t f or the 
majority of i n t e r s t i t i a l n i t r i d e S o These are extremely stable and 
temperatures above 1600*^C are required f o r decomposition.' In such 
cases, a l k a l i fusion methods are recommended (Passer, e t . a l , 1962). 
The sample i s fused with sodium hydroxide i n a Pyrex-glass t e s t tube 
and the ammonia evolved i a swept by a slow stream of argon through 
(95) 
a trap into a solution of boric acid and t i t r a t e d with hydrochloric 
acide The argon i s passed through a bubbler containing water to 
ensure that s u f f i c i e n t water i s present f or complete rea c t i o n . 
This method affords a rapid determination of nitrogen i n the 
more covalent n i t r i d e s s u c h a s boronji aluminium a n d s i l i c o n n i t r i d e s . 
I t i s applicable also to some of the i n t e r s t i t i a l n i t r i d e s uhere... • 
the corresponding metal oxides are s u f f i c i e n t l y amphotenCo 
The r e s u l t a n t sodium saltSp for exampleo Ka - ' Z i r c o n a t e , may not 
be r e a d i l y soluble i n water and require a c i d i f i c a t i o n by hydro-
c h l o r i c acid before the hydrous metal oxide can be pr e c i p i t a t e d by 
ammonia at a suitable pH (B r i t t o n , 1955)^. E l w e l l & Wood ( l 9 6 l ) 
have also recoinmended K j e l d a h l d i s t i l l a t i o n method f o r some n i t r i d e s . 
At the concentration l e v e l s of 0-100 ppm,, a spec tropho tome t r i e 
f i n i s h appears to be preferable to the Utrimetric f i n i s h used 
at higher concentration l e v e l s , Orsage (1964) describe-
vacuum or i n e r t gas fu s i o n method^ i n w h i c h c a s e nitrogen i s evaluated 
by "difference",, The present s t a t e of t h i s a n a l y s i s i s l e s s satisfactoryo 
Moreover, many n i t r i d e s may r e s i s t vacuum extraction; on the other 
hand occluded or free nitrogen eludes the Kjeldabl a n a l y s i s ^ 
Sloman e t ^ a l . , ( l 9 5 l ) reported that s e v e r a l combinations of nitrogen 
may co-exist i n a sample and there i s no known method which w i l l 
ensure t h e i r destruction with higji temperatures or t h e i r transformation 
into ammonium ions f o r t h e i r chemical a n a l y s i s c 
Several methods have been described for the determination of 
nitrogen i n boron and s i l i c o n n i t r i d e s . (Bennett & Lindop, 1 9 5 £ § 
Cosgrove & Shears^ 1960^ Kriege^ 1 9 5 9 ) . But tbsse methods are lengthy 
and require considerable manipulative s k i l l and are of doubtful 
accuracy when applied to highly r e f r a c t o r y lAaterialSc Bennett and 
Lindop's oxidising fusion method requires several hours even for 
boron n i t r i d e which y i e l d s a r e a d i l y f u s i b l e oxidep B^ O-ju m pto 
o 
450 Co Techniques of gas a n a l y s i s i n metalsp including i n t e r s t i t i a l 
n i t r i d e s have been reviewed by Jamee (1964). A tube furnace oxidation 
method has also been described (li'jyer et..,ai.; '9-7). 
The Dumas method; vrhere the sample i s mixed v/i th cupric oxide 
or lead oxide (Tsuchiyaf 1959) and heated i n a current of pure CO2P 
i s generally unsuitable where the n i t r i d e becomes surrounded by 
impermeable oxide l a y e r s e^g„ vanadium n i t r i d e (Cerschbacherp I947)c 
Thus, atmospheric oxidation at high temperatures (up to 1200°c) 
has proved more e f f e c t i v e ^ preferably at temperatures permitting 
d i f f u s i o n of nitrogen and oxygen through the surrounding oxide layers^ 
I n cases where the oxidation i s not quantitative^ d i s s o l u t i o n of the 
oxide and further oxidation by e i t h e r a l k a l i n e fusion with sodium 
hydroxide or a c i d i c fusion with potassium bisulphate i s suitablOo 
B a l l m i l l i n g i s a simple method of reducing the p a r t i c l e s i a e 
of a s o l i d materiaio The m i l l s used were c y l i n d e r i c a l drums 
containing porcelain b a l l s . Each pot had radiused ends to present a 
smooth i n t e r i o r s\ixface f r e e from corners and creviceso The open 
end cover was secured by a quick--re lease bar and screwc The pots 
were of 1 capacity and; containef* t^ *^^  -air' number of b a l l s r-^ 
three d i f f e r e n t s i z e s (36 of 18«7 n^":: diameter5 81 of 12o6 mm diameter 
and 180 of 9e5 mm diameter)o 
I n the tuL>:ling motion within the mil lp wearing of the surfaces 
of the m i l l may occur, depending on the properties of the porcelain* 
This i s described by the makersj, the P a s e a l l Engineering Companyp 
(95) 
as being a hardp dease, non-porous ceramic material which i s i n 
a vitreous condition a f t e r f i r i n g to over 1200^0o I n view of i t s 
h i ^ r e s i s t a n c e to abrasion and chenical inertnesSy the makers 
claim that i t i s u s e f u l when absence of contamination i s required, 
The porcelain isp however, lacking i n d u c t i l i t y and suceptible to 
breakage under v i o l e n t impact„ 
Although the n i t r i d e s milled v/ere hard materials (Mohs' 
hardness upt to 9)? nevertheless no fragments of porcelain were 
detected i n the X-^ray traces of the milled samples <, The m i l l i n g 
timesp however, were 10 hours or l e s s * The b a l l - m i l l i n g was 
c a r r i e d out under standard condi tions^ i ^ e * a constant r a t i o 
of sample weight to number and s i z e s of the porcelain b a l l s 
was maintainedo Besides the same porcelain pot was used f o r a 
p a r t i c u l a r n i t r i d e f o r d i f f e r e n t lengths of timec 
2_^J Computation 
The I EM programme f o r computing s p e c i f i c surfaces by the 
B.E.T. method was that devised by Po O^'Neill and Denise Har r i s 
(Plymouth Polytechnic) and i s given i n Appendixo 
(96) 
CHAPTER I I I 
TITANIUM AITD ZIRCOimn-l NITRIDEg 
3.1 Titanium H i t r i d e 
3.U1 K i t r i d a t i o n of Titanium 
The titanium-nitrogen system and i t s t&emodynamics have been 
described i n Chapter I . Yet reactions which are thermodynamicelly 
f e a s i b l e are not n e c e s s a r i l y k i n e t i c a l l y favourable, e s p e c i a l l y where 
s o l i d s are concerned^ Here, the rates depend not only on the 
i n t r i n s i c r e a c t i v i t y of the material concerned, but a l s o on the 
a v a i l a b l e surface or i n t e r f a c e a t which reaction can occxir. 
The "reaction of titanium with nitrogen at atmospheric pressure 
i s considerably slower than that.;with oxygen at corresponding 
» • i " 
temperatures (Bradford, e t . a l . , 1949). The rate obeys e s s e n t i a l l y 
a parabolic law i n the temperature .^range, 550-850 over times 
of up to two hours. Gulbransen and Andrew (l949a &'b) f i n d that the 
rate constant i n t h i s temperatvtr4& range i s : -
kp = 3.8 z 10"^ exp.(-36,300/RT) g2 
, N i t r i d a t i o n at higher temperatures w i l l be more complicated 
, c r y s t a l l o g r a p h i c a l l y since alpha-titanium transforms to beta-titanium 
at 882.5^0. I n t h i s work, therefore, c r y s t a l changes have been 
studied i n the foimation of titanium n i t r i d e l a y e r s on substrates 
of titanium and some of i t s a l l o y s . 
Titanium, one of the l i g h t e s t of the -transition elements, has 
other desirable properties such as r e s i s t a n c e to corrosion, strength 
i 
and toughness. I n the pure st a t e i t e x i s t s as alpha-hexagonal 
phase, but commercially pure titaziium i s e s s e n t i a l l y a d i l u t e a l l o y 
of titanium with oxygen, nitrogen and carbon. According to 
(97) 
McQuillan ft McQuillan (1956) and Sabroff e t . a l . ( l 9 6 8 ) , i t i s 
convenient to divide commercial titanium a l l o y s i n t o three c l a s s e s r* 
(a) the alpha-phase a l l o y s , c o n s i s t i n g of elements which s t a b i l i z e 
the-alpha-phase i n titanium, namely 0, N, C and a number of non-
t r a n s i t i o n a l elements; e.g., Al, Sn» Some of these a l l o y s may have a 
small amount of the beta-form " frozen'* i n the st r u c t u r e a t room 
temperature and are knovn as 'near' or 'super' alpha a l l o y s ^ 
(b) the mixed alpha-beta a l l o y s , contain additional elements vhich 
s t a b i l i z e the beta-phase to such an extent -that the microstructure, 
a t room temperature, c o n s i s t s of a mixture of the alpha and beta 
Iihases. The addition of T r a n s i t i o n elements, such aa Fe, Cr, Mo 
and 7, s t a b i l i z e s the beta-phase. These a l l o y s are very important 
because i t i s possible to control t h e i r mechanical properties by 
precipitation-hardening, 
( c ) the beta-phase a l l o y s , are a l l of beta-form a t room temperature 
and contain a large proportion of b e t a - s t a b i l i z i n g elements, e.g.. 
Mo, Cr and 7. These have l i m i t e d a p p l i c a b i l i t y s i n ce they are not 
weldable, but sheet forms can be aged up to an ultimate t e n s i l e 
strength of 131,000 I b / i n ^ C r o s s l e y ft K e s s l e r , 1954). 
The a l l o y s are produced commeroially as c y l i n d r i c a l ingots by 
vacuum arc-melting i n consumable-electrode furnaces (Sabroff e t . a l . , 
1968). 
The occurrence of an a l l o t r o p i c transfomation i n pure 
titanium controls the type of st r u c t u r e s vhich can be produced by the 
heat-treatment of titanium-rich a l l o y s . Phase diagrams of the binary 
a l l o y systems are i l l u s t r a t e d schematically i n Figure 3.1 (McQuillan 
ft McQuillan, 1956). 
(98) 
<'<^> Percent addition element > 
Figure 3c1 Major Types of Phase diagrams 
fo r T i - r i c h binary systems 
The binary systems of titaniiim with the elements ozygen, nitrogen, 
carbon and the i n d u s t r i a l l y important addition element aluminium, 
are of the alpha-phase s t a b i l i z i n g type shown i n Figure 3«l(a). 
T r a n s i t i o n elements, on the other hand, a l l appear to give r i s e to 
diagrams of e i t h e r type (b) or type ( c ) . The beta-phase containing 
more than a c i f t i c a l concentration of addition element can be retained 
i n an unstable condition at room temperature by r a p i d l y quenching 
from the beta-phase f i e l d . Figure 3<.l(c) represents a l s o the systems 
of titanium with copper, s i l v e r and gold. The gamma-phase'is aaid to 
e x i s t on the titanium-rich side of the TiCu composition (47-50 a t ^ 
copper) and i s body-centred tetragonal (McQuillan & McQuillan, 1956 
p.206). 
The phase compositions of commercially available titanium 
( l . H . I , Limited) are presented i n Table 3c U Boride coating of these 
a l l o y s has been described by Jones (l970) and i n the present work 
four of these, i . e . I . H . I . , 130^ 230^ 3 l 8 and 205, have been subjected 
to n i t r i d a t i o n a t various temperatures^ 
(99) 
TABLE 3.1 
The Composition and phases of commercially available titanium 
(Imperial Metal Industries (Kynoch) Limited). 
I.H.I. B.S. SPECIFICATIONS COMPOSITION PHASE CUSS DENSITY g/cm5 
REMARKS 
Alpha I 4.51 become successively 
Alpha I 4.51 mechanically stronger 
Alpha I 4.56 Ductile, medium 
111(2) 
strength 
Alpha-beta 
Alpha-beta 111(2) 4.51 Low strength 
Aljdia-beta 111(1) 4.46 Medium strength 
Alpha-beta I I I ( 2 ) 4.42 Medium strength 
Beta I I — High Strength 
o o 
130 
160 
230 
314 
315 
317 
318 
205 
TA, 7t 8, 9 
TA, 21, 22, 23, 24 
TA, 14, 15, 16,17 
TA, 10, 11, 12, 13 
28 
Commercially pure 
Commercially pure 
T i - 2.5 Cu 
Ti-4A1 - 4Mn 
Ti-2Al-2Mn 
Ti-5Al-2.55n 
Ti-6Al-47^ 
T i - 15Mo 
The a l l o y s were sectioned by a diamond g r i t wheel (Bullock 
Diamond Products Ltd.) and polished. Specimens, about 1 cm. i n 
diameter, i n fused alumina c r u c i b l e s (Thermal Syndicate L t d . ) , 
were put i n a high temperature ricuum furnace (Metals Research, Type 
PCA10, described i n Chapter I I , s ection, 2 . 5 ^ For vacuum and 
i n e r t atmospheres (argon) a small amount of titani\im hydride (TiH2) 
was placed i n the. furnace to getter any r e s i d u a l oxygen or nitrogen 
i n the system. For n i t r i d a t i o n , specimens were heated at temperatures 
between 750-1400^C, using nitrogen flow rates of 100-125 ml/min. 
Subsequently, the samples were cooled slowly to allow the titanium 
phases to e q u i l i b r i a t e . The coatings were exflmi nnrl by X-ray d i f f r a c t i o n 
and by electron microscopy of r e p l i c a s , ^p^xiioate tnicJ^nesses 
of Ihe n i t r i d e d l a y e r s were est-"muted from weight increases and surface 
areas of the i n i t i a l metal 8aiatI.;S (Table, 34.i R-e^?(ca$ i T i ?ZdCfceS 3/1 K 
On p a r t i a l n i t r i d a t i o n of th:e alpha-titanium ( ? i g v r e 3 . 2 ay 
at 1000*^0 for four houir and eight hour periods (gas flow rate 125 ml/min) 
only TiN corresponding to the stoicheiometric composition was formed. 
The remaining alpha-Ti showed a small l a t t i c e expansion along the a-axis 
(2.95 to 2 . 9 7 A ) and contraction along the c - a x i s (4.68 to 4.5aA), i . e . , 
the ( 0 0 2 ) spacing decreased from 2.34 to 2 . 2 9 A and passed through 
the value 2.31 A p which coincides with the main spacing of beta-titanium 
( 1 1 0-spacing). Therefore any beta-Ti formed at lOOO^C has been 
n i t r i d e d for no other beta-Ti peaks were detected, i . e . TiN and ^ ^Tt 
accounted for a l l the peakt? fPig. 3.2(b) & ( c ^ . The decreased 0 0 2 * 
spacing ( 2 , 2 9 A ) i s approxin i t e l y that recorded i n the l i t e r a t u r e f o r 
main peak of the so c a l l e d ^ T i N , but two other main peaks f o r ttie 
l a t t e r were not observed as they would have been masked by TiN and 
(101) 
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a l p h a < ^ peaks. 
I n Pi5:ures 5.2, 3.3» 3.4 and 3.5 the X-ray diffractometer 
patterns of tbe allosrs along with those of the corresponding n i t r i d e d . 
samples are jjresented f o r comparison. 
There was no appreciable n i t r i d a t i o n of alpha-Ti" ( l 3 0 ) a t 750^0 
I n h a l f hour implying that the alpha-phase remained stable during t h i s 
time i n t e r v a l . When the n i t r i d a t i o n of alpha-Ti ( l 3 0 ) was c a r r i e d out 
a t higher temperatures (2h a t 1200*?C + 1i h a t UOO^C), there was 
complete conversion to TIN i n the top l a y e r and the v111 • r e f l e c t i o n 
became the most prominent'instead of the (220) as was observed a t 
lower temperatures (e.g. 1000 C)p where development of c r y s t a l U n i t y 
may not have been complete. Figures 3.2(c) and 3.2(d) i l l u s t r a t e 
t h i s observation. I n accordance with Mie findings of Bradford, e t . a l . , 
(l949)» traces of oxygen resulted i n r u t l l e formation which predominated 
over n i t r i d a t i o n even a t the lower temperatures (900-1000°). At 
900^0 (Figure 3 . 2 ( e ) ) , i . e . j u s t above the alpha-beta transfoimation 
temperature, the X-ray trace shows peaks f o r both llie alpha-Ti (002) 
o 0 
c-spacing at 2.34A and the 2.29A spacing. .This again suggests some 
d i s s o l u t i o n of nitrogen i n the o r i g i n a l alpha-Ti to s l i g h t l y d i s t o r t 
i t s l a t t i c e , before further n i t r i d a t i o n and'^oinnation of w e l l - d e f i n e d 
c r y s t a l l i n e TIN. The r e l a t i v e thickness of t h i s i n t e r f a c i a l zone between 
unchanged alpha-Tl and TIN depends on temperature, and i s probably 
greater a t lower temperatures when the nitrogen d i f f u s i o n i s slower. 
The beta-Tl a l l o y , s t a b i l i s e d with 15 Mo [Figure 3.3(a)] gives a mixture 
of r u t i l e (TlOg) and TIN i n the presence of small amounts of oxygen 
(Figure 3 3'b)). However, i t n i t r i d e s completely to ?TiN a t 1400 C 
(109) 
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within 11 hour iia the top layer ( P i ^ r e 3 - 3 ( c ) ) o The X-ray trace 
• 
again shows a fu r t h e r peak f o r a 2.29I spacing (corresponding to g^TiH) 
replacing the o r i g i n a l main peak for the ( l 10)«spacing of beta-Ti 
o 
( 2 . 3 1 ' A ) . Comparison of Figures 3 o 3 ( a ) and 3 . 3 ( b ) i l l u s t r a t e s t h i s 
observation. E l e c t r o n micrographs of r e p l i c a s of the o r d i n a l and 
ni t r i d e d surfaces of alpha-Ti ( 2 3 0 ) and y 5 - T i ( 2 0 5 ) are presented 
i n P l a t e s 3 . 1 & 3 . 2 . 
Similar r e s u l t s are obtained on n i t r i d i n g alpha-Ti ( 2 3 0 ) a l l o y 
(with 2 . 5 cu). The X-ray diffractometer trace on the o r i g i n a l i s shown 
i n Figure 3 . 4 . The mixed alpha-beta-Ti ( 3 1 8 ) a l l o y (with 6A1 + 4 V ) 
also n i t r i d e s completely near the surface to TiN a t high temperatures 
(2 hours a t 1 2 0 0 ^ C + 1 hour at l400*^C)p g i v i n g a trac e s i m i l a r to 
that shown i n Figure 3 . 3 ( c ) . The d i f f ractometer trace of the o r i g i n a l 
material i s i l l u s t r a t e d i n Figure 3 . 5 « 
? . l j ( a ) Compftctnesg of Titanium fli^tx^de Films 
The titanium n i t r i d e f i l m s a l l strongly adhered to the metal 
surface for vide ranges of thickness and temperatures of formation. 
The thicknesses calculated from weight gains on n i t r i d a t i o n are 
shown i n Table 3 . 2 . 
^y analogy with general theories of metal oxide foimation 
(Gvans, 1 9 6 8 ) , i t would be expected that a t higher temperatures good 
adhesion of the n i t r i d e layer would be f a c i l i t a t e d by l a t t i c e d i f f u s i o n . 
This explanation i s applicable only above the Tammann temperature 
(above TOO^C f o r T i and 1 3 3 0 ° C f o r TiN). At lower temperatures (above 
about 3 7 5 ^ C f o r T i and 7 9 5 ° C for the n i t r i d e ) , the adhesion may be 
(115) 
TABLE 3c2 
Thicknesses of TiH formed at d i f f e r e n t temneratures 
I.H.I. Alloy N i t r i d a t i o n Temperatures 
& Time 
Nitride f i l m 
thickness, ^^ m 
230(Ti +2.5 cu) ( i ) lOOO^C, 8 h 2J 
( i i ) 1200°C, 2 h + 
1400^0, 1 h 51 
liJO (commercially 
pure alpha-Ti) ( i ) lOOO^C, 8 h 1^ 
Cii) 1200°C, 2 h + 22 
U O O ^ C , 11 h 
205 CTX + 15Mo) ( i ) 1lOOO°Cp 8 h 110 
( i i ) 1200^C, 2 h + 
1400 ti h 411 
caused by keying - i n ' t h r o u ^ grain boundary penetration ( Tylecote, 
1960) where surface d i f f u s i o n i s operative. 
I n t e r l o c k i n g or adherence may be produced by s o l u t i o n of nitrogen 
i n the m e t a l l i c phase followed by nucleation of i n t e r n a l p l a t e l e t s 
when the nitrogen concentration exceeds a saturation value ( 0 . 9 
at % a t lOOO^C & 4o5 a t ?S at 1560^0) . A l t e r n a t i v e l y , there may 
be i n t e r l o c k i n g by n i t r i d a t i o n at the w a l l s of c r e v i c e s or by 
penetration along d i s l o c a t i o n s and g r a i n boundaries. I n these 
t y p i c a l cases, where there i s an increase i n volume on n i t r i d a t i o n 
(Table 1.3t Chapter l ) , any n i t r i d e formed at t h e metal-nitride 
i n t e r f a c e i s l i k e l y to produce compression. This tends to keep Ihe 
i n t e r n a l l y formed n i t r i d e pressed against the metal, reducing the 
r i s k of poor adhesion due to possible cavity-formation. Thus, the 
Pilling-Bedworth rule i s probably more important for s c a l e s where 
there i s anion d i f f u s i o n from the surface to the metal-scale i n t e r f a c e 
(116) 
^£ompared with s c a l e s that grow by outward migration of matter as 
Vj4.^o^erved by Vermilyea ( l 9 5 7 ) < . I n the present work, c a t i o n d i f f u s i o n 
^ ^ -for titanium i s f e a s i b l e a t temperatures above 7 0 0 C which explains 
the s t a b i l i t y and l a r g e r grain s i z e s of the n i t r i d e f i l m s formed 
a t lOOO^C 41200*^C + UOO^C, 
3 . 1 . 2 , H i l l i n g of Titanium Nitride 
The high temperatures required f o r the production of n i t r i d e s 
cause s i n t e r i n g to the extent that samples generally have s p e c i f i c 
2—1 / ^ surfaces of below 1 m g , and average c r y s t a l l i t e s i z e s ^equivalent 
•.-^spherical diameters) of over 2/4m. Thus, samples of tltanltim n i t r i d e 
were mille d to increase t h e i r surface a c t i v i t y and to examine 
changes i n micros true tu re caused by the comminution. V/hen 6 g 
samples were mille d (under conditions described i n Chapter I I , Section 
2.6), the s p e c i f i c surface progressively increased as shown i n 
Figure 3.6a. E l e c t r o n micrographs showed that the o r i g i n a l n i t r i d e ^ 
3 
consisted of single c r y s t a l s and aggregates of about o-S'- 5" yum 
s i z e (Plate 3 . 3 ) . The micrographs of mi l l e d (2h andloh) and oxidised 
samples are also presented (Plates 3 . 4 , 3 . 5 and 3 . 6 ) . The single 
c r y s t a l s were fractured dUring the e a r l i e r stages of the m i l l i n g and 
the fragments were incorporated into the aggregates which remained 
approximately the same s i z e throughout the m i l l i n g . Thus, the average 
c r y s t a l l i t e s i z e ( F i ^ r e 3.6b), decreased r a p i d l y at f i r s t and l a t e r 
slowly when the c r y s t a l l i t e s became of submicron s i z e . T h i s i s I n 
accordance with the findings of Bradshaw ( l 9 5 l ) and Huttig ( l 9 5 7 ) » 
who found that i f aggregation and a t t r i t i o n processes proceed at 
equal r a t e s , *a grinding equilibrium* would be s e t up. Then the 
s p e c i f i c surface or the average c r y s t a l l i t e s i z e , w i l l remain 
( U 7 ) 
fiCn. Z (> ''^^^^^**^ c)p T I T A N I U M IMi-miDC 
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PLATE Titanium : : i t r i d e . Untreated 
20.000 Page (119) 
PLATE 3.4 Titanium N i t r i d e , .ours. 
PLATE 3.5 Z'- for 10 hours 
9.0,oo: (120) 
PLATS 3,6 Titanium ICitride, C: . A i r at 600°C for 5 hours 
p r a c t i c a l l y constant. Prolonged m i l l i n g may favour the tendency of 
the f i n e s t p a r t i c l e s to adhere to one another, and thus causing a s l i g h t 
reduction i n s p e c i f i c surface a f t e r a maximum has been reached. 
(Gregg, 1 9 6 1 , p^S**) Such a process has been found to occur i n the 
b a l l m i l l i n g of K a o l i n i t e (Gregg e t ^ a l . , 1 9 5 4 ) , graphite (Hicfonan, 
1959) and molybdenum disulphide (Braithwaite, 1 9 5 9 ) « 
The m i l l i n g caused s t r a i n to be s e t up within the c r y s t a l l i t e s , 
so that there was X-ray l i n e (or peak)- broadening. Table 3 . 1 shows 
the half-peak widths of the ( 1 1 1 ^ and ( 2 0 0 ) reflecUonSo 
• TABLE 3 . 3 
L a t t i c e S t r a i n i n Milled TiN Samples 
Titanium N i t r i d e . Half-peak widths ( 2 ) i n S t r a i n (radians) 
Minutes for E e f l e c t i o n s (Using (200) 
T i n ( l i r ) TiN (200) r e f l e c t i o n s . 
Unmilled 1 4 1 4 -
H i l l e d , 2 h 3 2 3 6 U 9 9 X 1 0 " ^ 
H i l l e d , 5 h 5 4 3 6 1 o 9 4 2 10"^ 
H i l l e d , 1 0 h 3 5 3 6 1 . 9 0 X 10"^ 
The s t r a i n was cal c u l a t e d from the half-peak width of the ( 2 0 0 ) X-ray 
r e f l e c t i o n (Section 2 . 1 o 5 ) , af ter a llox^ing f o r broadening due to 
c r y s t a l l i t e s i z e . F^Lgure 3 « 6 ( c ) i l l u s t r a t e s the development of s t r a i n 
which occurred mainly, during Mtie f i r s t two hours m i l l i n g when tiie s i n g l e 
c r y s t a l s were fractured and incorporated into the aggregates. 
Subsequently, the s t r a i n remained p r a c t i c a l l y constanto 
3 . 1 . 3 Oxidation of Titanium Nitride 
V a r i a t i o n s i n phase composition, surface areas, c r y s t a l l i t e and 
aggregate s i z e s during the oxidation of the unmilled titanlTun n i t r i d e ' 
(121) 
have been described i n an e a r l i e r paper covering the preliminary 
part of the present i n v e s t i g a t i o n (See A p p e n d i x C r y s t a l l i t e s 
of r u t i l e , TiOgp s p l i t off from the remaining titanium n i t r i d e ; before 
they s i n t e r , and i n h i b i t f u r t h e r oxidationo Accordingly studies of 
oxidation rates on milled TiN a t 450®C (Figure 3p7) show that the 
reaction proceeds r e a d i l y u n t i l there i s s u f f i c i e n t titanium dioxide 
of r a t i o n a l c r y s t a l l i t e s i z e composition f or s i n t e r i n g to form surface 
f i l m s through which normal gaseous d i f f u s i o n cannot e a s i l y ocour^ 
As before (Classonfib Jayaweera, 1969)9 t h i s corresponds to about 
50^ conversion of the n i t r i d O a 
The oxidation rates f o r the longer-milled (lO h) and more f i n e l y -
divided sample are s l i g h t l y greater than f or the shorter (2 h) milled 
sample. The curve for the l a t t e r i s s l i g h t l y sigmoidal i n d i c a t i n g 
i n i t i a l nucleationo The l a t e r part of the oxidation i s somewhat 
paralinear. This temperature (450°C) i s j u s t s u f f i c i e n t l y high'for 
s i n t e r i n g of the titanium dioxide by surface d i f f u s i o n {y m.p, i n K; 
Ti02 = 460*^C)o I t would appear that the oxide f i l m i s not s u f f i c i e n t l y 
strong to prevent some s c a l i n g i n the f i n a l stages when the oxidation 
rate becomes nearly li n e a r ^ At 600° and 700°C (Piga., 3o8 & 5.9) 
the i n i t i a l r ates are also p r a c t i c a l l y l i n e a r and l a t e r become parabolic, 
as fo\ind before (Glasson & Jayaweera^ 1969) for unmilled TiN. 
However, there i s l i t t l e d i f f erence i n oxidation rates at 600° and 
0 
700 C and t h i s i s ascribed to the more rapid s i n t e r i n g of the titanium 
dioxide at these higher temperatureSp C c f o , negative temperature coeff-
i c i e n t found f o r oxidation of c e r t a i n metals such as niobium (Argent 
& Phelps, 196O; Aylmorep e t o s l . , 1960)o 
3»1>3 (a) Comparison with oxidation of Titanium Metal 
For the oxidation of titanium^, Jenkins (l955) and Wallwork 
& Jenkins (l958; 1959) have suggested a s i m i l a r mechanism to 
(122) 
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account f o r parallnear growth. B r i e f l y , i t involves the following stages 
( i ) The passage of oxygen to the' metal-oxide i n t e r f a c e throxigh 
an e s s e n t i a l l y non^protective s c a l e ; 
( i i ) The d i s s o l u t i o n of oxygen i n Hie metal phase, r e s u l t i n g i n 
the nucleation and gro^rth of oxide, on and j u s t beneath the 
surface, siimiltaneoualy with the establishment of an oxygen 
d i f f u s i o n gradient extending i n depth as a function of time and 
temperature; 
( i i i ) The intermittent e x f o l i a t i o n of t h i n sections of the metal 
surface under the influence of the s t r e s s e s developed by the 
nucleation and sol u t i o n processes; 
( i v ) The conversion of these t h i n l a y e r s to Hie h i g ^ s t oxide 
commensurate with the e x i s t i n g oxygen potential i n the v i c i n i t y , 
. followed by p a r t i a l s i n t e r i n g of the l a y e r s into a porous and 
s t r a t i f i e d s c a l e (See a l s o Stringer, 196o)« 
Jenkins proposed that the parabolic region corresponds to the 
period when oxygen i s taken into s o l i d s o l u t i o n through the metal 
> 
surface (^Pemsler, 1958 on Zirconium) a t a rate i n excess of that 
• i 
retjuired f o r the establishment of e x f o l i a t i o n conditions at that . 
surface. The oxygen f l u x through the i n t e r f a c e diminishes with -
time as the oxygen gradient penetrates deeper into the metal, and ttie 
paralinear t r a n s i t i o n i s thought to occur when the flux J u s t 
balances the demand made by the intermittent e x f o l i a t i o n process. 
Subsequently the oxygen absorption as measured experimentally i s wholly 
a t t r i b u t a b l e to the conversion of exfoliated metal surface l a y e r s to 
r u t i l e s c a l e . The extremely regular-layered structure of the s c a l e 
(126) 
observed on titanium has been explained on t h i s basis (Stringer, 
1 9 6 0 ; Wallwork & Jenkins, 1 9 5 9 ) . As required by tiie theory, the 
oxygen gradient i n titanium does i n f a c t reach a 'steady s t a t e ' , 
c^^ftfling to extend i n depth during the l i n e a r oxidation peilod. 
Further, i f the s c a l e i s removed from the metal at t h i s point and 
the specimen re-oxidised a t the same temperature, the r a t e i s 
approximately l i n e a r as before, i n d i c a t i n g that the sc a l e i s not 
acting as a d i f f u s i o n b a r r i e r i n t h i s Instance* 
A model that would accoimt f o r l i n e a r followed by parabolic 
oxidation has been suggested e a r l i e r by Evans ( l 9 2 4 ) , Pischbeck 
(1933) and Noldge ( l 9 3 8 ) o I f the rate-determining reaction 
i s a boundary e f f e c t a t the beginning, and becomes d i f f u s i o n ^ 
controlled i n the l a t e r stages, the reaction may be considered as 
a flujc of matter, J , which has to overcome a s e r i e s of r e s i s t a n c e s , 
namely, the d i f f u s i o n r e s i s t a n c e R d (*lie d i f f u s i o n c o e f f i c i e n t being 
taken to be independent of concentration) and Uie surface reactions 
A n f ! R2 a t the metal-film and fil i a - g a s boundaries. The driving 
force i s as usual, a difference i n concentration, ^ c, a t the two 
i n t e r f a c e s . 
J = coneto ^ c-
Rd + R i +R2 
I f the flux of ma t e r i a l i s approximately constant, then, 
J = d | / d t Rd = p R^+Rg = 
and consto = k where a, b, k are constants^ 
Hence, d ^  / dt = k/(a ^ +b) 
and on integration, 
a . ^ 2 + 2 b o ^ = 2 k , t 
(127) 
or by combining the constantSp 
2 + K^a. = K ^ o t p 
the i n t e g r a t i o n constant being zero i f ^ == 0 a t t = 0« 
This corresponds to a generalized parabolic law which involves the 
p o s s i b i l i t y that two d i f f e r e n t processes can be rate-determining 
during the progress of oxidation^ The i n t e r f a c e r eaction governed 
by the term 6 P would be rate-determining i n the i n i t i a l stages 
of oxidation, and when the scale becomes th i c k e r t h i s term w i l l 
become neg l i g i b l e , the square teim governing the t o t a l r e a c t i o n 
rate (Eubaschewski & Hopkins, 1962, p«99)o 
3.1,3(b) Comparison with Oxidation of Titanium Boride and Carbide 
The oxidation mechanisms for these refractory hard metals 
TiB2 and TiC (l^unster, 1959 and Samsonov & Golubeva, 1956) are 
e s s e n t i a l l y s i m i l a r to those f o r titanium n i t r i d e and for the metal 
i t s e l f . Munster used platinum markers which were found a t the s c a l e 
surface a f t e r oxidation^ Thus, the o x i d e - n i t r i d e i n t e r f a c e moves 
away from the oxide-gas i n t e r f a c e . I n conjunction with the defect 
mechanism of r u t i l e , t h i s suggests that d i f f u s i o n of oxygen ions 
(O ~ ) through the s c a l e i s rate-determining, at l e a s t i n the parabolic 
stage of the oxidation; cf.p d i f f u s i o n of anion vacancies i n the Ti02 
( a - type conductor) which controls oxidation of titanium between 
600^ and 700^C and gives a s i m i l a r energy of a c t i v a t i o n f o r coarser 
samples (Tylecote & Mitchellp 1960). The l i n e a r portion of the r a t e 
curve suggests* that a phase boundary reaction may f i n a l l y become 
rate-controllingo Probably, the atomic nitrogen d i f f u s e s from tiie • 
metal to the outer s c a l e surface where i t then forms gaseous molecules^ 
as i n the decomposition of S - i r o n n i t r i d e (Goodeve & Jackp 1943), 
(128) 
Stoall amounts of nitrogen, are retained i n the oxide l a y e r , and some 
may have dissolved i n the n i t r i d e phase ( d e f i c i e n t i n nitrogen) when 
freed by the oxidation reactiono The amount of nitrogen retained 
depends on the reaction ratop s i n t e r i n g temperature and changes i n 
c r y s t a l l i t e s i z e s of the m a t e r i a l S o Thusp i t becomes appreciable f o r 
the f a s t e r ozidationa of titanium n i t r i d e above 800^C where 
s i n t e r i n g of the titanium dioxide i s a l s o rapido The f i n a l product 
of composition Ti02i>No^075 obtained a t lOOO^C resembles U05»HQ^2-O,4 
given when UN oxidises ( D e l l e t o a l . ^ 1966); t h e . l a t t e r i s s e n s i t i v e 
also to c r y s t a l l i t e s i z e v a r i a t i o n s and both -ttie intezmediate T72N3 
and UO2 are e p i t a x i a l l y orientated with respect to the UNo 
The paralinear k i n e t i c s are modified by se v e r a l f a c t o r s 
contributing to the d e t a i l e d shape of the i n i t i a l r a t e curves of the 
oxidation isotherms (Gulbransen ft Andrewp 1951) e^gop decreases i n 
surface heterogeneity a s the reaction proceeds^ changes i n s p e c i f i c 
surface, or i n l o c a l surface temperature due to heat of reactionp 
s o l u b i l i t y e f f e c t s , impurity concentrations^ possible changes i n 
oxide composition and e l e c t r i c a l double l a y e r e f f e c t s e Hence, often 
the zdtride oxidations do not immediately give parabolic k i n e t i c s , 
as foxmd i n the present work, and i n i^e oxidation of AlH (Coles 
et, a l , , 1969). Before coherent oxide layers are formed, the f r e e 
n i t r i d e surfaces remain exposed to tiie gas phase, so that ihe k i n e t i c s 
approach l i n e a r i t y o The subsequent parabolic k i n e t i c s may be r e -
placed f i n a l l y by approximately l i n e a r k i n e t i c s w i l h abnoirnallyalov 
rates where oxide s i n t e r i n g i s extensive, often giving considerable 
v a r i a t i o n s i n the energy of a c t i v a t i o n . 
(129) 
•5f2 Zirconium Nitride 
3,2,1. N i t r i d a t i o n of Zirconium 
The zirconium-nitrogen system and i t s thermodynamics has been 
described i n Chapter I . The k i n e t i c s of n i t r i d a t i o n of zirconium 
has been investigated by various workers (Brown, 1964(, p«179)« 
Gulbransen & Andrew (l949a, c) report that the reaction i s much 
slower than the corresponding one with oxygen or hydrogeno They 
observed that the r a t e i s independent of nitrogen pressure i n Ihe 
temperature range 40(>^5b°C, and a s c r i b e tKis?.;to the formation 
of a surface n i t r i d e , layero This observation was. made a l s o by 
Dravnieks (l950) a t higher temperatureso- From a.study of the r e a c t i o n 
at 90O-16OO**C, I l a l l e t e t . a l o p (i953(. 1954) report the formation 
of a y ^ - s o l i d s o l u t i o n and a t h i n ^ a y e r of 06= s o l i d solution 
surrounded by zirconium nitride<, The rate of d i f f u s i o n of nitrogen 
into zirconium i s much lower than that of oxygen. Near thev. 
transfoimation temperature (852®c) there i s a marked increase 
i n the absorption of both gases (Guldner:& Wooten, 1946; Hayes 
& Roberson, 1949)o Saliberkov e t . a l . , ^(1.964) studied the n i t r i d a t i o n 
of zirconium at 1400-1700^o They observed t'.ie formation of an 
outer l a y e r of n i t r i d e , a second l a y e r of s o l i d s o l u t i o n , and 
a base ndxture of y&solid solution with some oj- s o l i d s o l u t i o n 
p r e c i p i t a t e d as a r e s u l t of coolings According to a l l the above 
workers the reaction rate i s parabolic. 
The following experimental r e s u l t s have been reported 
covering wide ranges, of temperature, and these showsthat the rate 
of reaction of zirconium with nitrogen i s s t r i c t l y paraboliCo 
Nitrogen pressure = O 0 I atm., 400«825^C (Gulbransen & Andrew, 1949) 
(130) 
kp = 5 X 1 0 * ^ exp ( - 3 % 0 0 / R T ) g^cm^s"^ 
PNg = 1 0 - 3 0 0 mm Hg,, 8 6 0 « 1 0 4 5 t ( p r a v n e i k S p 1 9 5 0 ) 
k p = 3 o 2 X 1 0 ° 5 exp ( = 5 2 p 0 0 0 / R T ) g^cv^i^S"'' 
P N ^ = 1 fttm., 9 7 5 « 1 6 4 0 ^ C (Mallet etoal«, 1 9 5 4 ) 
Kp = 7 o 8 X 1 0 * ^ ' exp (=48p000/RT) g ^ c m ^ r ' 
I n the l a s t equation the values of Ep are reduce, jomewhatp presum^ 
ably -because bafnlum»fre& iodlde<=>zirconium was udedo Since the 
reaction r a t e i s v i r t u a l l y independent of pressure (Dravnieks, 1 9 5 0 ) ; 
and because of the a p p l i c a b i l i t y of the parabolic time r e l a t i o n s h i p , 
oxidation i s very probably d i f f u s i o n - c o n t r o l l e d by a s c a l e c o n s i s t i n g 
of an n-type semi-conductoro 
Production of zirconium n i t r i d e from the t e t r a c h l o r i d e 
vapour and nitrpgen+hydrogen (Agte &Hoers, 1 9 3 1 ) and by heating 
the metal i n nitrogen give samples of zirconium n i t r i d e showing 
homogeneity ranges from nearly stolcheiometric ZrN ( l 3 o 3 wt 
5 0 at -?8N) a t 6 0 0 C to lower nitrogen contents at temperatures up^ v"''*-
to I S O O ^ C o Thus, t y p i c a l samples of n i t r i d e d zirconium used i n 
the present work contained only 1 0 o 3 2 wto^^Sp 4 2 o 8 a t - % S and 9o29wt-^, 
4 0 o O a t -?6 N o 
3 . 2 , 2 ^ ^ l l l n g of Zirconium N i t r i d e 
The n i t r i d e samples s i n t e r e d e x t e n s i v e l y during preparation, 
so that t h e i r s p e c i f i c surfaces were only about O o 2 m^ g^ '^ p and average 
c r y s t a l l i t e s i z e ^ about 4/Mmo The sample containing 9 o 2 9 wt - ^ ( 4 0 . 0 
a t -9S)nltrogen was milled to increase i t s surface a c t i v i t y €uid to 
examine changes i n the micros true ture caused by the comminution. 
6 g - p o r t i o n s of the zirconium n i t r i d e ( 6 9 o 1 wt ZrN + 3 0 o 1 wt-?SZr) 
( 1 3 1 ) 
4 <» a 
( 1 
10 
. . . . 
were milled under standard conditions described i n ^ a c t i o n 2 » 6 , 
Chapter IIo The s p e c i f i c surface progressively increased ( F i g , , 
3 . 1 0(a.)) during the f i r s t 5 hours millings while the i n i t i a l s i n g l e 
c r y s t a l s were fractured and incorporated into the aggregates^ Thus, 
the average c r y s t a l l i t e s i z e decreased r a p i d l y a t f i r s t and l a t e r 
slowly when c r y s t a l l i t e s became of submicron s i z e , simileir to the 
behaviour of titanium n i t r i d e on millingo However, longer m i l l i n g , 
5 to 1 0 hours, appeared to give a considerable decrease i n 
s p e c i f i c surface (from 8 o 2 to 5 o 2 m^g"^) and increase i n average 
c r y s t a l l i t e s i z e (from O d O to O o l 6 ^ m), as shown i n Figure 3 o l 0 ( b ) . 
The m i l l i n g caused s t r a i n to be s e t up within the c r y s t a l l i t e s 
so that there was X - r a y l i n e (or peak)-broadening as shown i n F i g o 3 . 1 1 
These traces reveal that the metal present has been more extensively 
milled than the nitridoo After 5 hours m i l l i n g , the s o f t e r metal 
became d i f f i c u l t to remove from the b a l l s of the m i l l , accounting f o r 
the lower s p e c i f i c surface and l a r g e r c r y s t a l l i t e s of the 1 0 hour 
milled sample (Figure 3 o 1 1 o d ) which was more representative of the 
n i t r i d e present» Neverthelessp the s t r a i n i n the n i t r i d e c r y s t a l l i t e s 
increased progressively throughout the m i l l i n g , as shown i n Table 3 . 2 . 
TABLE 3 . 4 
L a t t i c e S t r a i n i n Milled ZrN Samples 
Zirconium Half-peak Widths {2d) i n Min- S t r a i n radians 
Nitride utes for Reflections (using ( 2 0 0 ) 
Z i f i ( l l l ) Z-rN ( 2 0 0 ) < / , - 2 r ( l 0 l ) r e f l e c t i o n s 
Unmilled 2 3 1 9 3 0 
. H i l i e d , 2 h 2 4 2 2 3 2 2 o 5 3 X 1 0 " 2 
Milled, 5h 3 0 3 1 ^ 7 0 1 o 0 3 X 1 0 = 2 
Milled, l O h 4 4 4 0 ar70 1 „ 8 8 X 1 0 " ^ 
(135) 
3.2,3 Oxidation of Zirconium Nitride 
Changes i n phase composition, surface area, c r y s t a l l i t e and 
aggregate siges during the oxidation of the unmilled zirconium n i t r i d e 
(10.32 wt 42.8 at =^N) have been described i n an e a r l i e r paper 
covering the preliminary part of tiie present i n v e s t i g a t i o n (see 
Appendix 4- The zirconiTim n i t r i d e oxidation i s complicated by 
formation of tetragonal ZrOp at higher temperaturesp p a r t i c u l a r l y 
over 1200*^, and monoclinic 2r02 a t lower temperatures. The n i t r i d e 
i n i t i a l l y forms the s o - c a l l e d ^amorphous' cubic Zx02P notably between 
400®-600**C, which may be s t a b i l i s e d somewhat by the remaining cubic 
ZrNo Subsequently there i s a fu r t h e r f r a c t i o n a l volume increase while 
formation of monoclinic ZrOg i s being completed^ 
When samples of zirconium n i t r i d e containing some f r e e zirconium 
metal are c a l c i n e d i n a i r , the metal o x i d i s e s r a p i d l y a t temperatures 
of 350^-400^0. The n i t r i d e requires correspondingly higher oxidising 
temperatures, .and i n i t i a l l y forms the s o - c a l l e d "amorphous' cubic 
Zr02 (Mazdiyasni & Lynch, 1964)^ notably between 400^ and 600^C 
(cf, cubic ZrOg from Zr^alkoxides decomposed i n nitrogen a t 300^-
400®C, which may be s t a b i l i s e d somewhat by the remaining cubic ZrN 
i n the present work)c X-ray diffractometer t r a c e s show an additional 
o 
r e f l e c t i o n at 2o94-95Ap some reinforcement of the 2o54ft spacing and 
0 
displacement and broadening of the I 0 8 I and 1<,54A spacings of mono-
c l i n i c Zr02 towards the shorter distances of I 0 8 O and U of the 
cubic form. At higjier temperatures (700-1 OOO^C)^ the a d d i t i o n a l 
r e f l e c t i o n disappears and the main monoclinic Zr02 r e f l e c t i o n s a t 
o 
3.16 and 2o84A develop more rapidlyo The conversion of cubic face-
centred ZrN (a = 4O56A) to cubic face-centred Zr02 (a = 5O09A) 
involves a f r a c t i o n a l volume increase of Oo367 (of the i n i t i a l 
( 1 3 6 ) 
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volume) which fu r t h e r increases to 0o518 when foimation of " 
monoclinic Z1O2 completed^ 
The n i t r i d e samples are completely oxidised to Zr02 a t 
temperatures above 600^0 within reasonable lengths of time. X-ray 
diffractometer traces and powder photographs give no i n d i c a t i o n s 
of any oxy-nitride being formed a t temperatures between 40o2 lOOO^C, 
Variations i n s p e c i f i c surfacop a c t u a l surface aresp S^{for 1 g. 
i n i t i a l sample) and average c r y s t a l l i t e s i z e are shown i n Figure ^ . I S , 
(a) ^ (b)^ (d)» Ifor unmilled z-i^onium n i t r i d e samplesp oxidised 
at 500®C i n airo About ||of§.the material i s oxidised w i t h i n h a l f -
hour t P i f ^ e 3*12 {0% There i s a considerable increase i n s p e c i f i c 
surface and the a c t u a l surface area^ S^, Thusp ^rtien the z i r c o n i a 
c r y s t a l l i s e s out from the n i t r i d e matrixp i t evidently s p l i t s 
off to give smaller c r y s t a l l i t e s ^ \diich are mainly of sub-micron 
s i z e , caused by changes i n type;s;^of c r y s t a l l a t t i c e and by the volume 
increases given i n the previous paragraphs Subsequently the oxidation 
becomes very slow and the s p e c i f i c surface decreases w h i l s t the average 
c r y s t a l l i t e s i z e increases as the m a t e r i a l slowly sinterso After the 
f i r s t stage most of the surface area i s that of the oxide which then 
has an average c r y s t a l l i t e s i z e almost equal to that of the whole 
material* The oxide apparently forms impermeable layers around the 
remainder of the n i t r i d e through which normal gaseous d i f f u s i o n 
cannot occur, since the oxidation i s incomplete even a f t e r much 
longer heatings The high melting point of zirconiiim dioxide (2700^c) 
gives a Tammaim temperature of about 1210°C (one-half of the m.p* i n 
K) f o r appreciable l a t t i c e d i f f u s i o n and a temperature of about 720^C 
(one-third of the m^p), above which surface d i f f u s i o n can.be operative. 
(138) 
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Any s i n t e r i n g i s probably gl7en by g r a i n boundary penetration, 
promoted by the presence of unozidlsed metal (m.p 1660^c), which 
can be e f f e c t i v e above about -Jr m.p, of zirconium metal ( i . e . ,440^C) 
This type of behaviour has been observed r e c e n t l y i n the oxidation 
of Nickel and Chromium where more extensive oxide s i n t e r i n g gives , 
good protective films (Maude, 1970). 
M l l e d zirconium n i t r i d e (3 hours m i l l e d ) oxidises r a p i d l y even 
at lower temperatures, v i z . , 400^0'. The very f i n e l y - d i v i d e d Zr-metal 
present o x i d i s e s very rapidly (Figure 3.13 ( b ) ) , so that there i s 
an i n i t i a l decrease i n surface. Later, the surface increases as 
more of the.nitride i s oxidised (Pig. 3 . 1 3 ( a ) ) , but f i n a l l y an 
impermeable oxide layer i s formed which prevents fuirther oxidation 
at t h i s temperature. S i m i l a r oxidation behaviour i s shown a t 
300°C, 435^0, and 540®C Q^Ub. 3.14 (a) (b) & (c)] for the samples 
that have been mille d for 2 hours and 10 hours. The somewhat 
lower f i n a l amounts of oxidation f o r the m i l l e d samples are caused 
by the d i f f i c u l t i e s i n complete removal of the zirconium metal 
component of the o r i g i n a l n i t r i d e from the m i l l . This e f f e c t seems 
to be proportional to the m i l l i n g time i n tiie present case, and has 
been discussed i n the previous section. 
E l e c t r o n micrographs of the unmi.}7ed, Tnillecl tx.r\dt oxidise-J-
zirconium n i t r i d e samples are presented I h P l a t e s 5 . 7 j 5-8a 5.9 ^yul 
3.10. 
(142) 
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CHAPTER IV 
VANADiimc NioBnm AND TANTALUM NITRIDES 
4n1 VANADIUM NITRIDE 
4.1.1 N i t r i d a t l o n of Vanadium 
The vanadium-nitrogen system and i t s thermodynamics have 
been described i n Chapter lo As generally found for t r a n s i t i o n metal 
nitridesp Uie k i n e t i c s of formation depend not only on the i n t r i n s i c 
r e a c t i v i t y of the material concemedp but a l s o on the a v a i l a b l e 
surface or i n t e r f a c e a t which reaction can occur^ 
The n l t r i d a t i o n rate f o r vanadium i s much l e s s a t a given 
temperature than f o r the corresponding oxidation, but i t i s s i m i l a r 
to those f o r the reactions of nitrogen with niobium or tantalxim. 
Likewise, the n i t r i d e films dissolve i n these metals as f a s t as they 
are formedo Both, n i t r i d a t i o n and oxidation o f vanadixim progress 
almost, p a r a b o l i c a l l y for temperature ranges of 600*^=900^0 and 
400°«-600®C respectivelyo The rate equations f o r ^ s= Od atm. 
and ^ (Maximum) = 2 h (Oulbransen & Andrew^, 1950) are as follows: 
N2 8 Kp = 0o94 X 10"^ exp («3n400/RT) g^cm-^s"^ 
02 8 Kp = 1o3 X 10"' exp (-30p700/RT) g^cm°^s°^ 
Preliminaiy n i t ^ d i n g treatment was found to lower botti -tile I n i t i a l 
and ultimate oxidation r a t e s . 
4.1.2 H i l l l n f f of Vanadium Nity^d^ 
:As with the n i t r i d e s of group IV (Tip Zr)p the high temperatures 
required for producing those of group % (Vp NbpTa) cause s i n t e r i n g 
2 
to the extent that samples ge n e r a l l y have s p e c i f i c surfaces of 
below 1 m^g"^o, and average c r y s t a l l i t e s i z e s (equivalent s p h e r i c a l 
( H . 5 ) 
8 _ _ 4 . 6 . 
diameters) of over 2 vm, Thusb samples of vanadium n i t r i d e ^ VNp were 
milled to increase t h e i r surface a c t i v i t y and to examine changes i n 
microstructure caused by ^ onnimi-bLon^ V/hen 6g-samples were milled 
(under conditions described i n Chapter 11^ Section 206)9 the s p e c i f i c 
surfiace progressively increased as shown i n Pig . 4 o l ( a ) o E l e c t r o n 
micrographs showed that the o r i g i n a l n i t r i d e consisted of s i n g l e 
c r y s t a l s and aggregates of about o-^ -?yu.m s i z e ( P l a t e 4 o l ) o The si n g l e 
c r y s t a l s were f r a c t u r e d during the e a r l i e r stages of the m i l l i n g and 
the fragments were incorporated into the aggregates which remained 
approximately the same siz^^ throughout the mil l i n g c Thusp the average 
c r y s t a l l i t e s i z e (Pigc 4 o K f e ) : ) decreased r a p i d l y a t f i r s t and l a t e r 
slowly when the c r y s t a l l i t e s became of sub micron sizeo This behaviour 
Is s i m i l a r to that found for the m i l l i n g of titanium n i t r i d e ^ TiN, 
described i n Chapter I I I ^ Section 3 c ^ o 2 « E l e c t r o n micrographs of 
2io^cL lOh milled samples are presented i n P l a t e s 4 o 2 and 4 c 3 respectively, 
Againp the m i l l i n g caused s t r a i n to be s e t up within the 
c r y s t a l l i t e s j , so that there was X- ray l i n e (or peak) — broadening. 
Table 4 o l shows the half-^peak widths of t k e ^ , 1 1 1 > ana ( 2 0 0 ) 
reflectionso The s t r a i n was cal c u l a t e d from the half=peak width of the 
( 2 0 0 ) X-ray r e f l e c t i o n (using Jones Hethodi, Chapter I I ^ Section 2 o 1 . 5 ) » 
a f t e r allowing f o r broadening due t ^ c r y s t a l l i t e sizeo Figure 4 o l ( c ) 
i l l u s t r a t e s the development of s t r a i n ^ which occurred mainly during 
the f i r s t two hours m i l l i n g when the si n g l e c r y s t a l s were fractured 
and incorporated into the aggregate^ Subsequently the s t r a i n remained 
p r a c t i c a l l y conetanto 
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TABLE 4 . 1 
L a t t i c e S t r a i n i n H i l l e d VN Samples 
Vanadium 
Ni t r i d e 
Half-Peak widths ( 2 B ) i n 
Minu+««i f o r Reflections 
S t r a i n (radians) 
(Using ( 2 0 0 ) 
r e f l e c t i o n s ) VN i11 VN ( 2 0 0 ) 
Unmilled 1 7 1 8 
Milled, 2 h 3 0 3 2 1 . 0 4 X 1 0 ^ 
Milled, 5 h 4 0 4 2 2 o 1 1 x 1 0 ° ^ 
Milled, l O h 4 0 4 2 2 o 0 7 X 1 0 ° ^ 
4.1.3 Oxidation of Vanadium Nitride 
Vanadium n i t r i d e , VN, i s converted to vanadium pentoxlde, 
V^Ocp at 4 5 0 ® - 6 5 0 ° C i n airp X-ray diffractometer traces give 
no indications of any oxynitrides or lower oxides of vanadium 
being formed at these temperatureSo Variations i n s p e c i f i c 
surface, S^ a c t u a l surface area ( f o r 1 go i n i t i a l sample), 
and average c r y s t a l l i t e s i z e (equivalent s p h e r i c a l diameter) are 
shown i n Figure 4 * 2 (a) & (b) for 5 hours-milled vanadium n i t r i d e 
oxidised at 5 5 0 ^ C i n a i r . About ^ the material o x i d i s e s 
comparatively rapidly, while S, and decrease considerably and the 
average c r y s t a l l i t e s i z e rapidly increases to above 1 yum* 
Subsequentlyp the oxidation proceeds much more slowly with corresponding-
l y smaller changes i n the surface areas and average c r y s t a l l i t e 
s i z e s . When the oxide c r y s t a l l i s e s out from the n i t r i d e matrix^ the 
change i n type of c r y s t a l l a t t i c e (cubic P^ -VN to orthorhombic V2O5) 
and large f r a c t i o n a l volume increase ( l o 2 7 2 of the o r i g i n a l volume), 
would be expected to produce considerable s p l i t t i n g away of oxide 
c r y s t a l l i t e s o However^ the surface areas decrease since vanadixim 
(151) 
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pentoxide s i n t e r s very r e a d i l y at 550^0o This temperature i s w e l l 
above the Tammann temperature ( c a . i- m,p„ i n K) of about 200*^C f o r 
vanadium pentoiide and close to i t s mopo of 674^0^ so iiiat l a t t i c e 
d i f f u s i o n can be extensive^ S'-nee the Tammann temperature of the n i t r i d e 
i s very much higher (about 9 0 0^c ) p i n the l a t e r stages of the 
oxidatioUp the n i t r i d e p a r t i c l e s are surrounded by layers of oxide 
impermeable to normal gaseous diffusion,, Thus^ the i n i t i a l 
approximately l i n e a r k i n e t i c s become parahoiic being controlled by 
l a t t i c e d i f f u s i o n through the oxide layer^ This i s danonstrated 
further by oxidation isotherms on 1 gram^samples of milled and 
unmilled vanadium n i t r i d e shown i n Figures 4 » 3 and 4 o 4 o The maximum 
oxidation rate i s given at about b'/5^0 f o r both the 2 hours and lO 
hours milled sampleso The rate a t 6 5 0°C i s considerably lower i n 
each case apparently caused by more extensive s i n t e r i n g of the oxide 
impeding the oxidation^ cf<, negative temperature c o e f f i c i e n t s 
observed for oxidation rates of Kiobium metal (Aylmore et«,al.p 
1 9 6 0 ; Argent & Phelps, 1 9 6 0 ) o Accordingly e l e c t r o n micrographs 
show that the i n i t i a l i r r e g u l a r p a r t i c l e s of unmilled or m i l l e d 
vanadium n i t r i d e u l t i m a t e l y give regular shaped ^2^5 P a r t i c l e s 
on oxidation at 6 0 0®C (Plate 4 o 4 ) 
4 , 2 J N i t r i d a t i o n ^ f ^ j ^ o U u m 
The niobium^nitrogen system and i t s thermodynamics have been 
described i n Chapter 1, Neumann e t ^ a l o ( l 9 3 4 ) p Brewer e t o a l ^ ( l 9 5 0 ) 
and Armstrong ( l 9 4 9 ) have also given thermodynamic data on th i s 
nitrideo The reaction between niobium and hitrogen mainly follows the 
parabolic rate leaf At 7 0 0^C the rates are s i m i l a r to those for llie 
n i t r i d a t i o n of xitanium and tantalum, but correspondingly slower than 
(136) 
£br zirconi\uno The data of Gulbransen and Andrew (l94?9 and 1950) 
deviate s l i g h t l y from the parabolic law i n the e a r l y r e a c t i o n stages. 
These workers have measured the rate constant of the reaction of niobium 
metal with Ool atmo of nitrogen and i s represented hys 
Nb : 500 = 800*^0 s = 8 xiO"® exp (=25p400/RT) g^cm^s-^ 
However, by using the method of van Liempt (see Barrer, 1941 )p i t 
has been shown that the parabolic rate law follows from consideration 
of d i r e c t d i f f u s i o n of nitrogen into the metalo The negligible e f f e c t 
of pressure i s s i m i l a r to that found for the reaction of nitrogen 
with tantalum^ I n vacua of 10"^ mmo Hg or lower the niobium-nitrogen 
o 
product loses weight below 605 Cp while at higher temperatures the 
metal a c t s as a 'getter" i n a s i m i l a r manner to tantalum and zirconium. 
The reaction apparently does not take place d i r e c t l y on "Gie metal but 
rather through a f i l m of n i t r i d e which hinders the pressure from 
exerting i t s normal influence on t h i s type of reactiouc The n i t r i d e 
f i l m "tiiickness i s governed by the rate of formation and the rate of 
solution. The energy of a c t i v a t i o n f o r d i f f u s i o n of nitrogen i n 
niobium i s 399 500 cal/mole (Angp 1953). 
4.2.2 H i l l i n g , o f Niobium.Nitride 
V^en 6g'-samples of niobium n i t r i d e were milled (under conditions 
described i n Chapter I I 5 Section 2 . 6 ) 9 the s p e c i f i c surface progress-
i v e l y increased as shown i n Figure 4o5(a) < , The changes were of 
s i m i l a r magnitude to those found for vanAdium nitrLde^ VN^  under 
i d e n t i c a l m i l l i n g conditions^ even tiiough the niobi\im n i t r i d e sample 
was almost pure g'- NbN ( i n which n i t r i d a t i o n had been nearly complete 
giving WbNQ^ c having a widely d i f f e r e n t c r y s t a l s t r u c t u r e , v i z * , 
hexagonal, '^^ ° HoC (Bi ) p compared with the cubic P =type l a t t i c e f or 
VWp Electron micrographs (Plates 4-o5v 4 o 6 p & 4«7) did not show any 
(157) 
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wel l -de f ined hexagonal s t ructures e i t h e r i n the o r i g i n a l niobium n i t r i d e 
or i n the m i l l e d materials Fractur ing of single c rys ta l s i n the e a r l i e r 
stages of the m i l l i n g and t h e i r incorpora t ion i n t o the aggregates caused 
comparatively la rger decreases i n average c r y s t a l l i t e size (Pig . 4.5 b) 
and production of more submicron-cized materials The s t r a i n set up i n 
the c r y s t a l l i t e s caused X-ray l i n e (or peak) = broadening of the several 
r e f l e c t i o n s associated w i t h one or both of the a;= and c,- axes of the 
hexagonal l a t t i ce? but i n d i v i d u a l i n t e n s i t i e s and peak separations 
were i n s u f f i c i e n t f o r even approximate determination of s t r a i n 
perpendicular to the d i f f e r e n t c r y s t a l planes^ 
4.2.3 Oxidation of Niobium N i t r i d e 
The niobium n i t r i d e g» NbNi, i s converted to niobium 
pentoxide? NbgO p^ at 300=600*^0 i n airo X-ray d i f f r a c t o m e t e r traces 
give no i nd i ca t i ons of any oxyn i t r ides or lower oxides of niobium 
being formed a t these temperatures^ cfg Schonbcrg's (1954) i n i t i a l 
oxyn i t r ide products formed by n i t r i d i n g g or NbN i n steam and excess 
o 
hydrogen a t 700 C or by ammonia n i t r i d i n g of niobium oxides or ammonixim 
niobate (NbN^ ^0^ ^ and NbNQ^50o,2-=Oo3 having a cubic P - l a t t i c e ) ^ 
Var ia t ions i n spec i f i c surface actual surface area ( f o r 1 g, 
i n i t i a l sample)p S'^- and average c r y s t a l l i t e s ize are shewn i n Figures 
4 .6 , and 4-7 f o r the atmost»heric ox ida t ion of unmi l led and 5h - m i l l e d 
niobium n i t r i d e . These are compared w i t h s i m i l a r changes f o r the 
oxidat ion of niobixm metal i n Figure 4o6o 
vnien the unmil led n i t r i d e i s oxidised a t 400^0 i n airp S 
increases considerably (Figure 4oS a & c) ^ Thusp when the niobitim oxide . 
c r y s t a l l i s e s out from the n i t r i d e matrix^ i t ev iden t ly s p l i t s o f f to 
give smaller c r y s t a l l i t e s o Any a d d i t i o n a l a p a l l i n g a t the o x i d e « n i t r i d e 
(161) 
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i n t e r face when the samples were cooled f o r surface area determination 
was neg l ig ib l e by comparison, since the reheated samples proceeded 
to give ox ida t ion rates s imi la r to those of samples which had been 
continuously heated. Hence., the c r y s t a l l i t e s p l i t t i n g resu l t s mainly 
from changes i n type of c r y s t a l s t ruc ture (hexagonal MoC (B i ) to 
yg- monoclinic) and a volume increase of 1 o 3 7 of the o r i g i n a l volume 
as the n i t r i d e i s converted to the less d^nae oxide^ 
Changes i n the actual surface area S^ ' md i n the average 
c r y s t a l l i t e s ize of the remaining niobium n i t r i d e (assuming ho 
appreciable s i n t e r i n g ) and the niobium oxidep N b 2 0 5 £ , are deduced 
from the surface area data and volume changes and are shown i n Pigo4-6 
(b) and (d)o These c o n f i m the u l t ima te s i n t e r i n g of the oxide^ and 
the larger c r y s t a l l i t e sizes given i n the f i r s t h a l f of the ox ida t ion 
(above the broken l i n e i n Figure 4^6 (d)^are caused probably by some 
of the newly-formed oxide not being detached from the n i t r i d e surface^ 
This i s s i m i l a r to the behaviour of aluminium n i t r i d e on ox ida t ion 
(Glasson e t . a l o , 1969)o 
When there i s s u f f i c i e n t oxide of r a t i o n a l c r y s t a l l i t e 
composition^ i t tends to form a stable coating ar ind the remaining 
n i t r i d e par t ic les^ Thereforej.- the surface area 5 ^ i n the e a r l i e r 
stage of the ox ida t i on , increased much more r a p i d l y (Pig„ 4*6 (b) ) than 
i t would i f a s table oxide layer had been formed throughout the 
oxidation*, The experimental resu l t s Ixe w e l l above the t h e o r e t i c a l 
curve calculated from the formula f o r a c o n t i n u a l l y stable oxide 
layer (Glasaonp 1938)^ viZoy 
where^ ^ •= surface of product (oxide + remaining n i tr ide) 
^ ep, surface of original 1g- n i tr ide , 
and X = fraction of nitride oxidisedo 
(163) 
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This i s confirmed by the increases i n the number of 
c r y a t a l l i t e r calculated from {Sy/^)^, where = s 'VuTT 
i „ e . = 2c3l) 9 to allow f o r volume changes on ox ida t ion 
(Figure 4 o 6 ( c ) ) o 
4 o 2 . 3 c 1 . Comparison w i t h Oxidation of Hiobium Keta l ^ 
S imi la r behaviour to that of unmi l led niobium n i t r i d e i s shown 
by 5 h - m i l l e d niobium n i t r i d e and niobium powder on ox ida t ion i n 
a i r a t 3 0 0 ° C and 4 0 0 ^ 0 respect ive ly (Figures 4 o 7 and 4 . 8 ) „ The 
m i l l e d mater ia l apparently has greater surface heterogeneity and 
tends i n i t i a l l y to give l i nea r ra ther than parabolic ox ida t ion rates 
(as discussed"in Section 3 c 1 o 5 f o r t i t an ium n i t r i d e and by Glaason 
et^alo ( 1 9 6 9 ) f o r aluminium n i t r i d e o x i d a t i o n ) c Further ox ida t ion 
isotherms are compared i n Figure 4 ^ 9 f o r the m i l l e d sampleso The 
ox ida t ion rates u l t i m a t e l y become almost l i n e a r w i t h the fo imat ion 
of th icker oxide layers which are subject to cracking and p a r t i a l 
detachment from the underlying metal or n i t r i d e because of the very 
large volume increases on oxidation^ For oxide layers on la rger 
metal samples (sheets)p Kofstad ( 1 9 6 O ) has a t t r i b u t e d s i m i l a r 
behaviour to the format ion of suboxides near the metal=oxide i n t e r f a c e , 
but these lower oxides were not detected i n the present work^ 
i n v o l v i n g ox ida t ion of the metal pcwder-
For isotheimal oxidations of i g port ions of niobium n i t r i d e , 
a maximum rate was exhibi ted az about 3 6 0 ^ C f o r both the Zh~ and 
lOh- mi l l ed samples (Figure 4 o 9 ( b ) ) o The rates at about 600^C are 
correspondingly lower? p a r t i c u l a r l y i n Ihe l a t e r stages of the 
oxidatiOHp probably due to the onset of s i n t e r i n g which tends to 
impede the ox ida t ion processo This reversal of the temperature c o e f f -
i c i e n t to negative values i s s i m i l a r to that found f o r ox ida t ion 
of m i l l e d t i t an ium n i t r i d e i n sec t ion 3olo2 and niobium metal 
by Aylmorep Gregg and Jepson (l960)o I t has been ascribed to 
more extensive s i n t e r i n g of the oxide a t the higher temperatures 
preventing normal gaseous d i f f u s i o n . This i s i n accord w i t h the Tammann 
temperature of NbjO^ (-J* mop. i n k ) being about 6l0^Cp vxhen l a t t i c e 
d i f f u s i o n becomes extensiveo S in t e r ing promoted by surface d i f f u s i o n 
can become appreciable above about -J-mo p. i n Kp i ^ e . 320^Cp which 
i s approximately the temperature f o r the maximrura ox ida t ion r a t e s f o r 
the m i l l e d natrLde. At temperatures above 600^Cp the ox ida t ion 
rates f o r unmil led niobium n i t r i d e increase again w i t h temperature, 
o o 
cfrop rates a t 600 and 800 C i n Figure 4ol0 , as the l a t t i c e d i f f u s i o n 
increases. The oxide c r y s t a l l i t e s obtained from the n i t r i d e at 
300^0 and 400<*C are below 0o2 ^ m average size (Figures 4.6 (d) and 
4,7 (d))p but that obtained from the niobium metal at 400*^ 0 i s 
correspondingly l a rger reaching average sizes of O.S-O.T/SMn. 
(Figure 4o8 (d ) ) although the f r a c t i o n a l volume increase i s r a the r 
greater f o r the metal oxidat ion ( l . 6 8 compared w i t h U37 f o r the 
n i t r i d e o x i d a t i o n ) . Since the metal i s comparatively high mel t ing 
i t would seem that the removal o f n i t rogen i n h i b i t s s i n t e r i n g of the 
oxide f rom the n i t r i d e d metalo I n both casesp the poros i ty of the 
r e s u l t i n g oxides i s low at a l l the temperatures s tud ied . Adsorption 
hysteresis i s only j u s t detected, i n the most ac t ive samples. Hence, 
the increases i n the numbers of c r y s t a l l i t e s are correspondingly much 
higher f o r the n i t r i d e ox ida t ion than f o r the metal oxidationp c f . . 
Figures 4 .6(e) and 4.8 (e)^ Neverthelessp e lec t ron micrographs 
show rounding of the edges of the aggregates of oxide formed from 
the n i t r i d e a t higher temperatures. (Plate 4 .8 ) 
(169) 
N i t r i d a t i o n of Tantalum 
The tantalum-^nitrogen system and i t s thermodynamics have been 
described i n Chapter 1, Neumann e to a l „ , (l954)s. Brewer e t . a l ^ ( l950) 
and Armstrong (l949) have also determined tnermodynamie data on t h i s 
n i t r ide© The r e a c t i o n between tantalum and ni t rogen mainly f o l l o w s the 
parabolic rate law. At 700®Cp the rates are s i m i l a r to those f o r the 
n i t r i d a t i o n of t i t an ium and niobium^ but correspondingly slower than 
f o r zirconi\imo The data of Gulbransen and Andrew (l949c£, and 1950) 
deviate s l i g h t l y from the parabolic law i n the ea r ly reac t ion stages. 
These workers have measured the ra te constant of the reac t ion of 
niobium metal w i t h Ool atm. of n i t rogen and i s represented bys 
Ta J 60O=850^C s Kp 1.4 x 1 0 ^ exp (^-599400/RT) g^cm^^s"^ 
Howeverp i t i s i n t e r e s t i n g to note that w i t h the method of van Liempt 
the parabolic r a t e law could be deduced from considerat ion of d i r e c t 
d i f f u s i o n of n i t rogen i n t o the metalo The n e g l i g i b l e e f f e c t of pressure 
i s s i m i l a r to tha t found f o r the reac t ion of n i t rogen w i t h niobiume 
I n a vacuum of i ; o ^ or lower the tantaluni'-nitrogen product loses 
weight below 605*^Cp whi le at h i ^ e r temperatures the metal acts as 
a "ge t te r ' i n a s i m i l a r manner to niobium and zi rconium. The reac t ion 
apparently does not take place d i r e c t l y on the metal but rather through 
a f i l m of n i t r i d e which hinders the pressure from exe r t i ng i t s normal 
inf luence on t h i s type of reaction^ The n i t r i d e f i l m thickness i s 
governed by the rate of format ion and the rate of s o l u t i o n of nitrogen* 
The react ion between tantalum and n i t rogen between the temperature 
range 60O='^300^C has been inves t iga ted by Osthagen and Kofstad (l963)o 
The t o t a l react ion a t t h i s t « n p e r a t u r e range involves both the 
d i s s o l u t i o n of ni t rogen i n the metal and n i t r i d e formation^ The 
(17O0 
former process i s predominant dur ing the i n i t i a l stages of tiie 
r eac t i on . Formation of four d i f f e r e n t n i t r ideso namely, TaN^ 
Ta2Nv TaNQ^g_^^g and TaN ,^ has been reported? the r e l a t i v e 
amounts depending on experimental conditionso At temperatures below 
lOOO^Cp mainly Ta2N i s formed^ whi le above th i s temperature TaN^ ^ 
and TaN are the main reac t ion products» TaN^ ^ i s formed i n traces 
a t the n i t r i de -me ta l surface,. The X-ray d i f f r a c t i o n and microhardness 
measurements show that an outer layer of tantalum metal i s r ap id ly 
saturated wi th nitrogeno The n i t r i d e s adhere extremely w e l l to 
the metal surface<> 
Su lerconducting propert ies of tantalum n i t r i d e t h i n f i l m 
r e s i s to r s have been c r i t i c a l l y evaluated by Gerstenberg & Ha l l ( 1 9 6 4 ) 
and Berry e t a a l . , ( 1 9 6 4 ) 
4 . 3 o 2 o M i l l i n g of Tantalum N i t r i d e 
When a 6 g sample o f tantalum n i t r i d e was m i l l e d under conditions 
described i n Chapter H p sect ion 2 . 6 p the s p e c i f i c surface progressively 
increased as shown i n Figure 4 o 1 l ( a ) < , A f t e r about 5 ho the spec i f i c 
surface and average c r j r s t a l l i t e s ize remained p r a c t i c a l l y constant 
on f u r t h e r m i l l i n g (Figure 4 a t 1 .(a) and (b)X This i s the hardest 
of the n i t r i d e s presently inves t iga ted , since there was less X-'ray l i n e 
(or peak)= broadening (Figure 4 o l 2 ) o 
The i i u t i a l n i t r i d e consisted of a mixture of about equal parts of 
ii - TaW^^g^^ Q and ^ » TaN^^  8 » O o 9 ^"^^^ ^ o v e r a l l empi r ica l 
composition TaN^ 9 5 + Q 0 3 ana lys i s and o x i d a t i o n ) c During the 
lOh- mi l l ingp the E-form i s progress ively conrerted to the £-
form as shown by the X«ray d i f f r a c i o m e t e r traces i n Figure 4 o 1 2 o This 
involves a t ransformation from a hexagonal CoSn (B^^) t ype= la t t i ce 
{in] 
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iL\1"=: ^^.12 Tantalum : : i t r i i e , Oxiaiaecl i n A i r a t 350**': Tor 5 houi-
t 1 
to another hexagonal V/C ( ^ ) t y p e ^ l a t t i c e . The true homogeneity 
range of the B - TaN st ructure i s nearer 1 than O o 9 atom 
ni t rogen per tantalum atom^ v i z . , , 0 ^ 9 9 - 1 oOOf and that of the s t ruc tu re 
i s nearer 0 ^ 9 ra ther than 0o8 atomic n i t rogen per tantal\im atom, v i z . , 
Oo87-Oc90( c f . , Schonberg (T954)C The c r y s t a l l a t t i c e t ransforuiat ion 
ev iden t ly adjusts the d i s t r i b u t i o n of ni t rogen to approach these 
homogeneity ranges favourable to the and © « structuresc I t involves 
0 
reducing the c_ axis l a t t i c e constant from 2e9lA f o r %^  « TaN to 
2o88A f o r the form and rearrangonent of the layers so tha t the 
o 
a - axis l a t t i c e cons.tant of 5ol9A f o r the u n i t c e l l w i t h 3 
molecules becomes 2,94-A f o r the s i m p l e r ^ " u n i t c e l l w i t h 1 moleculee 
This i s equivalent to an increase of about 2^ i n the a dimensions w i t i i i n 
the layers accompanied by a decrease of about 1/i i n the c. - distance 
between the layersc Electron micrographs of the unmil led and lOh-
m i l l e d n i t r i d e give no i n d i c a t i o n of any we l l -de f ined hexagonal 
s t ructures (Plates 4^9 & 4 . 1 1 ) . 
4g?f? Oxidation of Tantalum_Nitr ide: 
The tantalum n i t r i d e i s converted to tantalum pentoxide, 
Ta^O^p a t 4 0 0 * 6 0 0 * ^ 0 i n aire X^ray d i f f r a c t o m e t e r traces give no 
. indica t ions of any oxyn i t r ides or lower oxides of tantalum being 
formed a t these temperatures^ 
Var ia t ions i n s p e c i f i c surface ac tual surface area ( f o r 
11 g - i n i t i a l sample)^ ^ and average cr-ys t a l l i t e size are shown i n 
Figure 4 o 1 5 f o r the atmospheric o x i d a t i o n o f lOh-- m i l l e d tantalum 
n i t r i d e * These are compared w i t h s i m i l a r changes f o r the oxida t ion 
of tantalum metal i n Figure 4 o i 4 d * 
When the m i l l e d n i t r i d e i s ox id ised a t 5 0 0 ° C i n a i r (Figure 
4 o l 3 a ) p ^ increases r a p i d l y to a maximum value and then decreases 
to an almost constant value a f t e r about ^ hour^ Thus, when the 
(176) 
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t an t a lum pentoxide c r y s t a l l l . t e e ou t f r o m the n i t r i d e m a t r i x , i t 
e v i d e n t l y s p l i t s o f f t o g i v e s m a l l e r c r y s t a l l i t e s o Any a d d i t i o n a l 
s p a l l i n g a t the o x i d e - n i t r i d e i n t e r f a c e p when the samples were coo led 
f o r s u r f a c e area d e t e r m i n a t i o n was n e g l i g i b l e by comparison s ince 
reheated samples proceeded t o g i v e o x i d a t i o n r a t e s s i m i l a r t o those 
o f sam uecv f h i c h had been c o n t i n u o u s l y heatedo. HencOp t i ie c r y s t a l l i t e 
s p l i t t i n g r e s u l t s m a i n l y f r o m changes i n type o f c r y s t a l s t r u c t u r e 
(hexagonal CoSn (B55) and WC (b^) t o ^ = o r t h o r h o m b i c ) and a volume 
increase o f Oo9T o f the o r i g i n a l volume as the n i t r i d e i s conve r t ed 
to the less dense oxideo 
Changes i n the a c t u a l s u r f a c e area,, ^4 i> average 
c r y s t a l l i t e s i z e o f the remain ing tan ta lum n i t r i d e (assuming no 
apprec iab le s i n t e r i n g ) and the tan ta lum oxide* y6= "^ ^2*^5^ 
deduced f rom. ' the s u r f a c e a i e a data and voliime changes. These a re 
^ ••'••/y^ ^^ ^^ ^ i n F igu re 4 o i 3 ( b ) and (d)p c o n f i r m i n g the u l t i m a t e 
s i n t e r i n g of t h e oxide^ Vfhen i i i e r e i s s u f f i c i e n t ox ide o f r a t i o n a l 
c r y s t a l l i t e s i z e composi t ionp i t tends to f o r m a s t a b l e c o a t i n g 
aroun' ^he r ema in ing n i t r i d e p a r t i c l e s « Thereforep the s u r f a c e 
area^f i n t h e e a r l i e r s tages o f t h e o x i d a t i o n ^ inc reased much 
more r a p i d l y than i t would i f a s t a b l e o x i d e l a y e r had been formed 
throughout the o x i d a t i o n ( F i g u r e 4Ql3 (b ) )o The e x p e r i m e n t a l r e s u l t s 
l i e above the t h e o r e t i c a l curve and are c a l c u l a t e d f r o m the f o r m u l a 
f o r a c o n t i n u s i l r s t a b l e ox ide l a y e r (Glaeson^ 1958);, v i z op 
5 / ^ (1 + Oo97x)^ 
wherep ^ _ s u r f a c e are o f p roduc t (ioCo o x i d e + r e m a i n -
i n g n i t r i d e ) o 
s p e c i f i c s u r f a c e o f o r i g i n a l 1 g n i t r i d e ^ 
and X = f r a c t i o n o f n i t r i d e ox id ieedo 
(160) 
Accordingly-p increasep i n the number o f c r y s t a l l i t e s o f up to 
108 - f o l d are c a l c u l a t e d f r o m {Sjf'Y*^ where 
J ~ *' (io97) p to a l l ow f o r yoiume changes on o x i d a t i o n ^ 
4A5A5.(ft) Comparison w i t h O x l d a t l p n o f Tan . t a lumJ je taL 
S i m i l a r behaviour t o t h a t o f m i l l e d t a n t a l u m n i t r i d e i s shown 
by t an ta lum powder on ox i .da t ion i n a i r a t t he same temperature^ v l 2 « p 
5 0 0 ^ C ( F i g u r e 4 o 1 4 ) o The su r f ace areas f l u c t u a t e somewhat d u r i n g the 
e a r l i e r and more r a p i d p a r t o f the m e t a l o x i d a t i o n o The hea t 
genera ted by the h i g h o x i d a t i o n e n t h a l p y o f the f i n e l y - d i v i d e d me ta l 
i s n o t conducted away s u f f i c i e n t l y r a p i d l y and inc reases the 
temperature o f pa r t s of the sample^ g i v i n g non-^isothermal o x i d a t i o n 
and non=-unifoim s i n t e r i n g . The m i x i d blacky grey and w h i t e co lou r s 
o f the p roduc t s i n d i c a t e v e r y uneven d i s t r i b u t i o n o f the meta l and 
the oxideo This i s analogous to Ihe o b s e r v a t i o n s o f o t h e r workers 
(Cfulbransen & Andrew^, 1949g Schmahl e t . a l o p 1l956p' 1958§ Caplanj, I96O) 
on r a p i d o x i d a t i o n of f i n e l y ^ - d i v i d e d metalsp v/here e f f e c t s o f age ing and 
o f o v e r h e a t i n g may account f o r some o f t l i e d i f f i c u l t i e s i n i n t e r p r e t i n g 
the e a r l i e r o x i d a t i o n behaviour f o r f i l m th i cknesses between about 
o 
1 0 0 = 3 0 0 0 A o 
The s u r f a c e h e t e r o g e n e i t y o f the m i l l e d t an ta lum n i t r i d e i n i t i a l l y 
causes a lmos t l i n e a r r a t h e r than p a r a b o l i c o x i d a t i o n r a t e s (as found 
f o r n iob ium n i t r i d e ) © F u r t h e r o x i d a t i o n i so the rms are compared i n 
F igu re 4 o l 5 f o r u n m i l l e d t a n t a l u m n i t r i d e „ The o x i d a t i o n r a t e s 
u l t i m a t e l y become a lmost l i n e a r w i t h the f o r m a t i o n o f t h i c k e r ox ide 
l a y e r s which are s u b j e c t to c r a c k i n g and p a r t i a l detachment f r o m the 
u n d e r l y i n g me ta l o r n i t r i d O o T h i s i s more p r e v a l e n t w i t h the m e t a l s i n c e 
the volume inc rease on o x i d a t i o n ( " ! o 5 0 o f t he o r i g i n a l me ta l volume) 
(181) 
i s much l a r g e r than t h a t f o r the n i t r i d e ( O o 9 7 o f the o r i g i n a l 
vo lume , )* I n the case o f the m i l l e d n i t r i d e a s t a b l e o x i d e l a y e r 
i s e s t a b l i s h e d a t an e a r l i e r stage i n the o x i d a t i o n a t 500°Cp a f t e r 
which the r e a c t i o n i s impeded o n s i d e r a h l y and xhe s u r f a c e area 
becomes p r a c t i c a l l y con^'-an* ( F i g u r e 4-. 13 (i^) & io% 
The Tammann T.c;i;:perf: L .- o\ the ox ide (m.po 1!870^C) i s about 
800**Cp so t h a t c r y s t a l l a t t i c e d i f f u s i o n i s m in ima l a l t h o u ^ s u r f a c e 
d i f f u s i o n can be a p p r e c i a b l e a t 500^C ( T moPo o f Ta^O^ = 440^C) 
t o promote s i n t e r i n g ^ 
The s m a l l e r I n i t i a l TaN c r y s t a l l i t e s compared w i t h those o f the 
me ta l u l t i m a t e l y produce sma.ller ox ide c r y s t a l l i t e s ( F i g u r e s 4 o 1 3 ( d ) 
and 4q 1 4 ( d ) ) o The i n i t i a l m i l l e d TaN c r y s t a l l i t e s are s m a l l e r than 
those o f the m e t a l and e v e n t u a l l y a l so produce s m a l l e r o x i d e 
c r y s t a l l i t e s (ca^ Oo07 compared w i t h 0o28 ^^ un f r o m the m e t a l 
a t 5 0 0 CJo A s i m i l a r d i f f e r e n c e i n ox ide c r y s t a l l i t e s i z e s was f o u n d 
f o r the o x i d a t i o n s o f n iob ium n i t r i d e and metalo even when the i n i t i a l 
m a t e r i a l s were of s i m i l a r c r y s t a l l i t e s izeo Agaiup the f r a c t i o n a l 
volume increase i s g r e a t e r f o r the m e t a l o x i d a t i o n ( U 5 0 compared 
w i t h O o 9 7 f o r the n i t r i d e o x i d a t i o n ) ^ and t h e m e t a l i s c o m p a r a t i v e l y 
h i g h m e l t i n g (ca^p 3 0 0 0 C;^ Henccp removal o f n i t r o g e n aga in seer-as 
to i n h i b i t s i n t e r i n g o f the o x i d e f r o m ttie n i t r i d e d metalo I n 
both casese the p o r o s i t y o f the r e s u l t i n g ox ides i s low a t the 
temperature s t u d i e d ( 5 0 0 ^ c ) p and a d s o r p t i o n h y s t e r e s i s was not 
d e t e c t e d even i n the most a c t i v e sampleso 
Increases i n the number o f c r y s t a l l i t e s f o r the m i l l e d n i t r i d e 
o x i d a t i o n a re r a t h e r less than those i n the m e t a l o x i d a t i o n (up t o 
about 2 - f o l d compared v r i t h 4 - f o l d r e s p e c t i v e l y ) « Nevertheless^ 
the average c r y s t a l l i t e s i z e of the i n i t i a l n i t r i d e i s much l ess t h a n 
t h a t o f the m e t a l ( O o O T / ^ m compared w i t h O o 3 0 yAt-m r e s p e c t i v e l y ) o 
(132) 
E l e c t r o n micrographs ( P l a t e s 4olO and 4=12) do not show 
such roundix ig .of the edges 'of i n s agg/.egates o f the ox ide formed 
f r o m the n i t r i d e or i;he l i i e ta i as xouad v ; i t h the lower -me l t ang 
n iob ium ox ide a t s i m i l a r temperarures,- v i Z o r 550-600^Co 
4o3o3^A)^ Q g l d a t i o n o f Ta at alum and i t a N i t T ide a t Higher Temperatures 
A t Kgher temperatures c r y s t a l l a t t i c e d i f f u s i o n becomes more 
i m p o r t a n t i n the o z i d a t i o n o f l a r g e r n iob ium and t a n t a l u m meta l 
samples ( s h e e t s ) « Niobium pentoxide and t an ta lum pen tox ides are 
n=type ox ides i n vmich d i f f u s i o n i s i n w a r d v i a vacant a n i o n s i t e s 
( C a t h c a r t eXoal.p 1958= Ca thca r t et.alc^ iSSO)o I n a d d i t i o n p as 
ment ioned a r ] i e r n iob ium and ^aLn^alu^ f o r m the r e s p e c t i v e pen tox ides 
i n v o l v i n g l a r g e volume increases . These c o n d i t i o n s t y p i c a l l y produce 
the f o l l o w i n g o x i d a t i o n mechanismj oxygen ions d i f f u s e f r o m the 
s u r f a c e t o the m e t a l - o x i d e i n t e r f a c e where they f o r m new oxide 
w h i c h , ovd.ng to i t s l a r g e volume i n c r e a s e (1u68 and 1 o50 f o r Nb^O^ 
and Ta^O^ r e s p e c t i v e l y ) p expands a g a i n s t the r e s i s t a n c e o f the 
e x i s t i n g ox ide layero As a r e s u l t o f t h i s expansion^ severe s t r e s ses 
develop v/hich e v e n t u a l l y rup tu re the f i l m . I n the case of tantalump 
i t s c o n v e r s i o n i n t o ox ide has been sho\fn t o occur by the n u c l e a t i o n 
and g rowth of l i t t l e p l a t e s a long the (100) planes o f the body-cen t red 
cube m e t a l ( C a t h c a r t e t t a l o o 13S0)^ SimultaneouBlyp oxygen d i s s o l v e s 
i n the metalo IdeaUy; , an i n i t i a l p a r a b o l i c growth t u r n i n g i n t o 
a l i n e a r one has been observed by v a r i o u s i n v e s t i g a t o r s a t 
temperatures between 500 and 700*^0 (Pe te r son e toalc . , 1954$ Gebhardt 
& Seghezzij, i959» Cathcarv e t „ a l ^ . , I960)c The mechanism isp however^ 
l i k e l y t o i n v o l v e some s e l f - ' h e a l i n g so t h a t t he r e may be cons ide rab le 
d e v i a t i o n s f r o m l i n e a r o x i d a t i o n and the r e l a t i o n s h i p between the gas 
pressure and o x i d a t i o n r a t e i s not s imple^ These types o f i r r e g u l a r i t i e s 
( -3 = ) 
have been observed by H u r l e n e toa lo^ (1960=61) i n the case o f 
niobiuma On ihe o t h e r handp the o x i d a t i o n o f t an ta lum depends 
e s s e n t i a l l y on the square r o o t o f the oxygen pressure ( C o v g i l l 
& S t r i n g e r ^ 19cO)o The s t r u c t u r e cr oge of tantalum on h e a t i n g i n 
a i r and oxygen has been etud:ied by "?erao, ( l967)„ u s i n g X - r a y 
d i f f r a c t i o n technique^ He has i d e n t i f i e d numerous forms o f t an ta lum 
o x i d e s , e„gop Ta-0 ( s o l i d s o r a t i o n ) p TaOyp TaOzp ^foTm 
(TaOg) and^-TagC^- ^hJ.t>ih are formed i n ai . r a t e i t h e r a tmospher ic 
pressure o r reduced pressurco The n i t r o g e n i n the a i r i s b e l i e v e d 
t o be i m p o r t a n t f o r h i g h temperature o x i d a t i o n o f tan ta luHp s ince 
n i t r i d e s such as Ta^N and ^--TaH were observed^ Hea t ing o f t an ta lum 
powder i n oxygen causes v M e n t i g n i t i o n and the '^-Ta^O^.p w h i c h 
has h i t h e r t o been cons ide red t o be t he h i g h temperature f o r m o f 
Ta^O^p i s o b t a i n e d . The t r a n s f o r m a t i o n ^ * ^ ^ occurs on h e a t i n g 
i n oxygen and the i n v e r s e t r a n s f o r m a t i o n occurs on h e a t i n g 
i n vacuum a t a temperature Highe r than 1300®Co The He l ium (TeraOp 11967) 
method o f d e n s i t y measurement showed t h a t the ^ - f o r m i s an ox ide 
lower than Ta^Opo I n the present sorkp o x i d a t i o n o f t a n t a l u m 
o 
n i t r i d e a t temperatures o f 600^DOOO C gave produc ts cons is t i n g m a i n l y 
ofy^j=Ta20^ w i t h sma l l amoisnta o f ^-Tag,Op.p de tec ted f r o m X«ray 
d i f f r a c t o m e t e r i raceso 
I n d u s t r i a l l y p a s t u d y o f the t h e r m a l o x i d a t i o n o f t an ta lum 
n i t r i d e t h i n f i l m s has l e d to t h e development o f a t h e r m a l p rocess ing 
t echn ique by which these meta l f i l m s can be made to e x h i b i t s a p e r i o r 
r e s i s t o r c h a r a c t e r i s t i c s (SliiS) er-ofllcp 19€^)o '^he t he rma l process 
s i m p l y i n v o l v e s h e a t i n g the t an ta lum n i t n . d e (TaN) f i l m r e s i s t o r s 
i n a i r a t some temperature betveen 450 and TOO*^ C„ R a d i a n t h e a t i n g 
was f o u n d to be most convenient f o r t h i s purposso" Whi l e the r e s i s t o r 
i s ma in ta ined a t t h e ele^^sted temperature^, i t s r e s i s t a n c e i s mon i to red 
and when I t reaches the d e s i r e d valuey the heat source xs q u i c k l y removed. 
( l a . . ) 
CHAPTER V 
CHROHIUI'I AND MOLYBDENUM NITRIDES 
5o1 CHROMIUM NITRIDE 
5,1 o1 N i t r i d a t i o n o f Chromium 
The ch romium-n i t rogen system and i t s thermodynamics have 
been d e s c r i b e d i n Chapter Ip Neumann e t o a l o , ( l934)pSatOp ( l 9 3 8 a ) , 
Ma ie r , ( l 9 4 2 ) and Brewer ©to a l . p ( l 9 5 0 ) have a l so g i v e n 
thermodynamic da ta f o r chromium n i t r i d e s * . N i t r o g e n has a marked 
e f f e c t on the m e l t i n g p o i n t o f chromixim due to s o l i d s o l u t i o n s 
b e i n g f o r m e d . I n the p resen t workp X - r a y a n a l y s i s o f h i ^ n i t r o g e n 
specimens i n d i c a t e s the presence o f two phases: ( i ) a ^r2N<- phase 
w i t h a c lose-packed hexagonal s u p e r l a t t i c e ( L 3 ) s t r u c t u r e w i t h 
o o 
^ = 4*76A and ^ = 4o44A' ( u s u a l l y f o u n d a t the U=>poor boundary) 
and ( i i ) a CrN-phase h a v i n g a cub i c NaCl ( B ^ ) l a t t i c e s t r u c t u r e 
o 
w i t h a = 4<.15A<, The l a t t e r i s d i f l f i c u l t t o prepare pureo Accord ing 
to Neumann e t o a l o , ( l 9 3 l ) p the f o r m a t i o n o f mixed c r y s t a l s makes i t 
d i f f i c u l t t o determine the hea t o f f o r m a t i o n o f CrN f r o m d i s s o c i a t i o n 
pressureso Thus, the n i t r i d e sample used f o r m i l l i n g and o x i d a t i o n 
c o n t a i n e d T9o9^ CrN and 20o3?S CrgN ( f r o m a n a l y s i s and o x i d a t i o n 
d a t a ) . 
K i n e t i c s o f the n i t r i d a t i o n o f chromium and f e r r o c h r o m e a l l o y s 
o f i r o n and the s o l u b i l i t y o f n i t r o g e n i n chromium have been s t u d i e d 
by ( K a z i e l s k i , 1966)o X - r a y e x a m i n a t i o n i n d i c a t e d phases Cr , CrPe 
and CpgN but no t CrN p re sen t d u r i n g t he n i t r i d a t i o n ^ The whole ' ^ 
process^can be d i v i d e d i n t o t h r e e s tagess 
(185) 
( i ) a d s o r p t i o n o f W« on the s u r f a c e o f the m e t a l and b r e a k i n g 
up. o f Ng^ molecuie i n t o I I - atoms? 
( i i ) d i f f u s i o n o f n i t r o g e n atoms i n t o the m e t a l ( s lowes t^ i^o 
r a t e - c o n t r o l l i n g s tage )o and 
•t 
( i l l ) chemica l r e a c t i o n f o r CrgN f o r m a t i o n ^ 
The n i t r i d i n g r a t e and t h e s o l u b i l i t y o f n i t r o g e n i n c r e a s e d wi i a i 
teiaperatureo The n i t r i d e CXgN was fo rmed on t h e s u r f a c e and d i f -
f u s e d s l o w l y i n t o the s-pecimeno D i f f u s i o n s t u d i e s i n chromium^ 
; n i t r o g e n system have been c a r r i e d o u t a l s o by Arkharov e t o s l o p 
(1959)0 
The c o n d i t i o n s o f f o r m a t i o n and decompos i t i on o f chromixim 
- n i t r i d e s are r e p o r t e d by (Zak^ 1962)„ who has a l so shown by 
. thermodynamic c a l c u l a t i o n s the f o l l o w i n g g 
^(^^ ^ 
( i ) the reac t ions 2 Cr +-J" Cr^N predominates above 400^C, 
C . ( i i ) a t 4OO-1032°Cp Cr^N i s formed f i r s t , t hen CrH a c c o r d i n g 
t o t h e reac t ions CrgiT + i l J ^ ^ C^Np 
( i i i ) above 1032^0 GrN i s d i s s o c i a t e d "to f o r m Cr^Np tiie l a t t e r 
d i s s o c i a t i n g above HTT^C^ and 
( i v ) as pressure drops t he d i s s o c i a t i o n temperature o f n i t r i d e s 
i s loweredo 
Measurement o f n i t r i d a t i o n k i n e t i c s f o r n i t rogen^chromium 
su r f ace r e a c t i o n s d u r i n g the e a r l y s to^e o f -Bie n i t r i d e f i l m 
growth has been i n v e s t i g a t e d by Johnson (1966) u s i n g E l l i p s o m e t r y . 
•V 
The f i l m i s assumed to be Cr^IIp which i s o p t i c a l l y i s o t r o p i C o 
The. k i n e t i c behaviour obeys a p a r a b o l i c lawp w i t h the r a t e cons tan t 
o f 4o4 X 10 Cm S ° o The r e a c t i o n s o f chromium w i t h n i t r o g e n + 
hydrogen gas m i x t u r e s a t e l e v a t e d tempera tures (1100=131 O^C) have 
(186) 
been i n v e s t i g a t e d by Schwerd t fege r ( l 9 ^ ) o 
U s i n g a t h e m o g r a v i m e t r i c technique^ M i l l s (196?) has s t u d i e d 
the r e a c t i o n , 2 + ^ 4CrHo The f o r m a t i o n and decompos i t ion 
o f t h i s h i g h e r n i t r i d e o f chromium i s no t s h a r p l y d e f i n e d and the 
r e a c t i o n e x h i b i t s i r r e v e r s i b i l i t y , and t he re i s a temperature regionp 
a t cons tan t n i t r o g e n pressure , o f about 2 5 ^ C i n which the s t a b l e 
compos i t i on i s a m i x t u r e o f CT^ and CrNo The s t a b i l i t y o f these 
m i x t u r e s i s d i f f i c u l t to accoun t f o r a t present^ An average 
v a l u e o f 1 1 o 3 2 wtojS H has been o b t a i n e d as the upper l i m i t i n g 
compos i t i on o f Cr2No The l a t t e r was found t o have a homogeneity 
range o f a p p r o x i m a t e l y 3 vto?^ n i t r o g e n ( M i l l s j, i967a)o H i l l s ( l 9 6 7 ) 
found CrN t o be n i t r o g e n - d e f i c i e n t w i t h a homogeneity r ange . A t 
one atmosphere pressure o f n i t r o g e n -the upper l i m i t i n g c o m p o s i t i o n 
o f CrN con ta ined 2 0 « 8 0 w t - ^ N compared w i t h the s t o i c h e i o m e t r i c 
compos i t i on o f 2 l e 2 2 wt--^ No The chromiioa n i t r i d e sample used 
i n t he p resen t work c o n t a i n e d 1 9 c 3 wto9? No 
5 . 1 . 2 m i l i n g ' 6 f Chromium N i t r i d e 
When 6 g - samples o f t he chromium n i t r i d e were m i l l e d (under 
c o n d i t i o n s d e s c r i b e d i n Chapter I I j , S e c t i o n 2 o 6 ) p tJie s p e c i f i c 
s u r f a c e p r o g r e s s i v e l y i n c r e a s e d as shown i n F i g u r e 5 o l ( a ) o O p t i c a l 
obse rva t ions i n d i c a t e d tha-^ t he o r i g i n a l n i t r i d e c o n s i s t e d m a i n l y 
o f s i n g l e c r y s t a l s o r l a r g e aggregates o f 5 - 2 5 s i z e w i t h some 
more f i n e l y d i v i d e d m a t e r i a l shown i n the e l e c t r o n mic rog raph 
( P l a t e 5 o l ) o The s i n g l e c r y B t a l s were f r a c t u r e d d t i r i n g t he e a r l i e r 
s tages o f the m i l l i n g and the f r agmen t s were i n c o r p o r a t e d i n t o iJie 
aggregates which remaiined a p p r o x i m a t e l y the same s i ^ e t h r o u ^ o n t 
the m i l l i n g o Thus, the average c r y s t a l l i t e s i z e (Pigo 5 o l ( b ) 
(167) 
^ / ' . - M i l u n C , o f C r t f t o n i u n N i T e a > £ 
I L i T ^ 5 « 1 Chrondum r ? t r ? d e , l> t r ca t*^ ' 
>iir:'oat:''.-M x 20,COO 
PZ^ I^TK 5,2 Chromium r r t i r i d e , O x i d i a e d i n d . r a l VOe:"*.; for i> hoiu-
1 
decreased r a p i d l y a t f i r s t and l a t e r s l o w l y when the c r y s t a l l i t e s 
became o f s u b « m i c r o n s l ze^ Th i s behav iour i s s i m i l a r t o t h a t 
f o u n d f o r the m i l l i n g o f n i t r i d e s o f groups IVA and VA d e s c r i b e d 
i n Chapters I I I and IVo E l e c t r o n m-'crograr^ o f 2 h and 10 h m i l l e d 
¥ 
samples are presented i n P l a t e s 5«S^ m d f o4" : e s p e c t i v e l y o 
Again^ the m i l l i n g caused s t r a i n to \A s e t up w i t h i n the 
c r y s t a l l i t e s , ttso t h a t t he r e was X - r a y l i n e (o r p e a k ) - broadening^ 
Table 5»1 shoiis the h a l f peak w i d t h s o f the ( l 1 i t ) and (200) 
r e f l e c t i o n s o The s t r a i n was c a l c u l a t e d f r o m the h a l f - p e a k 
w i d t h o f the (200) X»ray r e f l e c t i o n j , a f t e r a l l o w i n g f o r broadening 
due t o c r y s t a l l i t e s izoo F i g u r e 5 o l ( c ) i l l u s t r a t e s the development 
o f s t r a i n , t d i i c h o c c u r r e d m a i n l y d u r i n g t h e f i r s t two hours m i l l i n g 
T A f f l ^ i J , 
L a t t i c e S t r a i n i n H i l l e d C r - N i t r i d e Samples 
Chromium N i t r i d e H a l f - P e a k w i d t h s (2^ ) , i n 
Minutes r o r R e f l e c t i o n 
S t r a i n ( r a d i a n s ) 
R i s i n g (200) 
CrN ( i l l ) CrN(200) r e f l e c t i o n s } 
U n m i l l e d • 12 12 
M i l l e d , 2. h 38 28 U 3 7 X i O ^ 
M i l l e d , lOh 36 26 1o02 X 1 0 ° ^ 
when the s i n g l e c r y s t a l s were f r a c t u r e d and i n c o r p o r a t e d i n t o the 
aggregates^ Subsequently^ the s t r a i n remained a l m o s t constanto 
S l i g h t decreases may have r e s u l t e d f r o m p o s s i b l e r e d i s t r i b u t i o n 
o f N t o w i t h i n homogeneity ranges more f a v o u r a b l e t o the Cr^N 
and CrN e t r u c t u r e j c f « , behaviour o f and X*^ ^ ^ ' t a l ^ n i t r i d e s e 
(190) 
Pi^Ji'r. 0 .3 ChroDd.ui Nltria«, : > a l l - a i l l e d f o r 2 hours 
i A g n i r i c a t i o a x '20,000 
ILVCl'. Cnj-offliiug i i i t r i d e , b e.ll - M i l l e d f o r IC hours 
V 
g p l p g i O x i d a t i o n o f Chromium N i t r i d e . 
Chromium n i t r i d e i s conver t ed t o chromium s e s q u i o x i d e 
(chromic o x i d e ) , CrgO^, a t 750-1200^0 i n a i r e X - r a y d i f f r a c - t -
ometer t r a c e s g i v e no i n d i c a t i o n s o f any o x y n i t r i d e o r o t h e r ox ides 
o f chromium being fo rmed a t Uiese temperatures^ V a r i a t i o n s i n 
p " ^ 9 c i f i c sur face^ JS^  a c t u a l s u r f a c e a rea ( f o r I g ^ i n i t i a l Bample)9 
^ and average o z ^ t a l l i t e s i z e ( e q u i v a l e n t s p h e r i c a l d i a m e t e r ) 
are shown i n Figo 5<>2.p f o r 5 h - m i l l e d chromium n i t r i d e o x i d i s e d 
a t 1000*^C i n a i r « About -I - o f the m a t e - i a l o x i d i s e s c o m p a r a t i v e l y 
r a p i d l y ( F i g u r e 5 D 2 (C ) ( , w h i l e ^ and ^ decrease and the average 
c r y s t a l l i t e s i z e i n c r e a s e s to about Oo5 >^mo Subsequen t ly the 
o x i d a t i o n proceeds much more s l o w l y w i t h c o r r e s p o n d i n g l y sma l l e r 
changes i n the s u r f a c e areas and average c r y s t a l l i t e siz-eso 
When the ox ide c r y s t a l l i s e s ou t f r o m the ' n i t r i d e m a t r i x , 
the change i n type o f c r y s t a l l a t t i c e ( c u b i c P=-CrN and hexagonal 
super l a t t i c e Cr^N t o (hexagonal ) rhombohedra l Cr^Q^) and f r a c t i o n a l 
volume inc reases (Oc,354 a n d Oo5S7 o f t h e o r i g i n a l n i t r i d e volumes) 
would be expec ted t o produce s p l i t t i n g away o f ox ide c r y s t a l l i t e s o 
However the s u r f a c e areas decrease s i n c e chzomium ox ide s i n t e r s 
r e a d i l y a t 1000°C, wh ich i s near t he Tammann tempera ture ' (about 
m^po i n K f o r Cr-gO^ i e 1060®C)p so t h a t l a t t i c e d i f f u s i o n can 
be a p p r e c i a b l e as w e l l as ex t ens ive s u r f a c e d i f f u s i o n (above 
•J-moPo = 620^C)a When s u f f i c i e n t o x i d e o f r a t i o n a l c r y s t a l l i t e 
s i z e c o m p o s i t i o n i s f o r m e d , the r e m a i n i n g n i t r i d e p a r t i c l e s are 
surrounded by ox ide l a y e r s impermeable t o normal gaseous d i f f u s i o n o 
Thus, the i n i t i a l a p p r o x i m a t e l y l i n e a r k i n e t i c s become p a r a b o l i c 
( 1 9 2 ) 
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be ing c o n t r o l l e d by l a t t i c e d i f f u s i o n t h r o u g h the o x i d e l a y e r o 
Th is i s demonstrated f a r t h e r by o x i d a t i o n i so the rms on 1 g « s a m p l e s 
o f m i l l e d 'and u n m i l l e d chromium n i t e i d e shovm i n F i g u r e s 5 , 3 and 
5 o 4 o The g r e a t e r s u r f a c e h e t e r o g e n e i t y o f t he m i l l e d samples tends 
i n i t i a l l y t o g i v e l i n e a r r a t h e r than p a r a b o l i c o x i d a t i o n r a t e s 
(as g e n e r a l l y f o u n d f o r the n i t r i d e s o f groups IVA and VA and 
d i scussed i c s e c t i o n 3 o 1 o 3 ) o The o x i d a t i o n r a t e s become a lmos t 
l i n e a r w i t h the f o r m a t i o n o f t h i c k e r o x i d e layers? so t h a t complete 
o x i d a t i o n i s no t achieved wi^h^*^ ^ r easonab le t ime a t I-^emperaturea 
below 1 1 0 0 ° C ( c fc f. F±ss^5.'§ ^hd5'* .S" ) E l e c t r o n , raidrbgraph o f 
an o x i d i s e d n i t r i d e sample JS presen ted i n Platedo4<. 
5 o 1 c 3 ( a ) Comparison w i t h O x i d a t i o n o f Chromium I l e t a l 
As i n the o x i d a t i o n o f the n i t r i d c p t h e main ox ide fo rmed 
on h e a t i n g chromium me ta l i n a i r a t v a r i o u s temperat 'ares up t o 
1 2 0 0 ^ C i s the sesquioxide^ Or^O^c E l e c t r o n d i f f r a c t i o n r i n g s 
•If Q 
are sharp when the oxide i s f o r m e d a t 5 0 0 C b u t d i f f u s e f o r 
lower temperatures ( c f e P l a t e s 5 o 5 and 5 o 6 ) o Research on the 
o x i d a t i o n o f vapour^depos i ted chromium f i l m s by Glasson & Maude ; "f^'. 
- - . "'4-
(1970) shows t h a t o x i d a t i o n f i r s t becomes a p p r e c i a b l e above 300**C • 
w i t h the s i z e s o f the ox ide p a r t i c l e s i n c r e a s i n g a t h i g h e r tempera tures 
and be ing comparable w i t h those o f chromium oxid t^ 'ob ta in i>d by decompos i t ion 
o f the h y d r o x i d e a t s i m i l a r t empera t i i r es . 0 . l a t i ie newly f o r m e d 
o 
CrgOji, the 2o48A (1IO) spac ing i s the mos t 'p i f9minen t (Glasson and 
Leach, 1964)o 
The s i n t e r i n g o f chromium aesqu iox ide was s t u d i e d f u r t h e r by 
c a l c i n i n g separa te p o r t i o n s o f chromi\im h y d r o x i d e f o r 2 hours a t 
a s e r i e s o f f i x e d temperatures i n a i r on a t h e r m a l balance (Gregg 
& Winsorp 1945)0 The we igh t losses showed t h a t the chromium 
(19^) 
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hydrozide had l o 3 t adsorbed vxater a t 200^0 when i t s formula 
was approximately Cr(OE).^ or Cr^0.».o'5H^0c The decomposition to 
chromic sesquioxideg CT\^Oy:> was p r a c t i c a l l y complete w i t h i n 2 hours 
a t 400*^ Co Samples obtained i n two hours at 30O400^C had l o s t 
most of the i r water of c r y s t a l l i s a t i o n but contained some oxygen 
i n oicess of CrO^ (according to Rodet1965}up to CrO^ 
0005 H^O a t about 350'^c) from atmospheric oxidationo 
The samples wer-e outgassed at £:OO^C(Glassonp 1 ?^tti^and t he i r 
s p e c i f i c surfaces measured from n i t rogen isotherms recorded on 
the sorp t ion balanoco Nc adsorption hysteresis was shora a t 
500^0 and overc NevertheleoSy s l i g h t hysteresis was observed 
f o r the more act ive oxide samples prepared a t 300-400^C and the 
"adsorption" points (Figure 5o^>) were used f o r ca lculac ione o 
The var ia t ions i n s p e c i f i c euj-.face., 3^ , and the corTesponding 
c r y s t a l l i t e sizes of the oxide products are shown i n FigSo 5 o 7 
6 5 o 8 „ The oxide samples of larges t s p e c i f i c s^arface and smallest 
average c r y s t a l l i t e size are obtained when docompositioa of the 
hydroxide i s p r a c t i c a l l y complete w i t h i n the given timei, loe.^j, 
2 hours (cf^ decomposition rate£* I n Pigo ^ o 9 ) o This behaviour i s 
s i m i l a r to that found f o r n icke l hydroxide (Glasson & Maude^ \910)o 
The increase i n surface area cons t i tu tes an a c t i v a t i o n 
ascribed to nn increase i n the number of tnicrordg-ions i n the 
decomposition product as compared w i t h the i n i t i a l substance 
(Glasson, 1 9 5 6 ) 9 and the decrease i n area tc s i n t e r i n g of the products 
C r y s t a l l i t e s p l i t t i n g resu l t s f rom the changes i n type of c r y s t a l 
s t ruc ture (hexagonal "to rhombohedral) and volume decreases ( O a 3 9 4 of 
the o r i g i n a l volume) as the hydroxide (density = 4 , 3 approx} i s 
( 1 9 9 ) 
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converted to the more dense oxide (density ~ 5o23). Deconpoeition 
of x_ gram i n a t g-sampJe of chromic hydro>~.de *.fcald cause a 
proportionate volume change of [ (N-x)^ .606x = ^ - 0.394x1 . I f the 
development i s approximately the same i n each d' •^'^--tion, the 
corresponding change i n surface i s n - Oo394x>^' / : . ich amounts to 
(Oo606)^, i ec ^ Oo7l6 f o r coinplete decomposition: I n general 
i f and are the actual surface aieaa of the o r i g i n a l chromic 
hydroxide and i t s p a r t l y decomposed product» then,, assuming no 
c r y s t a l l i t e s p l i t * in^. , 
i^/^ ( l ^ 0 . 3 9 i x ) ^ 
Changes i n the namber of orys t a l l r i t e s ('Fi.< .^ure "^^lO) can be estimated 
from the r a t i o (s^/g)^o where t the value of the surface area 
of the chromic oxide^ i . e . , cV^. -^i^? and S^ . The s p e c i f i c surface 
of the o r i g i n a l chromic hydrOTC.i.cle- Thus,, allowance being made 
f o r the change i n c r y s t a l l a t t i c e (Glasson^ '956 ' b )^( ice Fi^-^'^^X 
Sin t e r i ng of the chromium sesquioxxdep Cr^ Cti^ p i s found to be 
enhanced by increased temperatures, T^iis i s i l l u s t r a t e d by the 
decreases in s p e c i f i c surfaces and the nunher of c r y s t a l l i t e s 
and also the increases observed in the avera.^e c r y s t a l l i t e sizes 
of the oxide prepared at higher tempe-raturee (Pigs. 5o7, 
& 5 c 1 0 ) c Longer ca l c ina t ion also inc/eases s:intering as shown 
by decreases i n spec i f i c surface and increases i n average c r y s t a l l i t e 
size (Pig . 5 . 1 1 . ) . Since the chromic hydroxide decomposes more 
r a p i d l y at the higher tenperatu.res« the newly-formed oxide w i l l 
have progressively mere tim* to s intero causing f a r t h e r decreases 
i n s p e c i f i c surface and incroases ir* average c r y s t a l l i t e sizCo 
The aggregate sizes of the chiomium seequioxide products at 
various temperatures are shown by e lec t ron micrographs (l-iaude^ I970)o 
P6R CH/iomiv/Y? / - / y O / ? o x i O t 
^ = o Coo 700 
The aggregates increase i n siBO w i t h higher temperatures and 
becoming more rounded a t the edges a t 1000*^C, i l l u s t r a t i n g 
*xt6n3ivfl Binterxng, They are found to be a i n i l n r to those of 
ohroraium aesquicxide formed by o s id l s l ng the niCride at I000°C 
(Plate 5<.2)» However^ the oxide fo;niied by ox id i s ing chromium 
powder ^ t lOOO^C i n a i r consisted of much la rger c r y s t a l l i t e s 
and aggregates observed o p t i c a l l y to be mainly above ^im^ 
Yet,any s p l i t t i n g away of the oxide c r y s t a l l i t e s cannot be 
extensive since the s p e c i f i c svi faces of the oxidised metal 
samples are below Oc2 m'^g''' ^ The ox ida t ion general ly obeys a 
parabolic ra te law consistent w i th tho format ion of a s table oxide 
layer and a d i f f u s i o n mechanism (Figure 5-l2)o I n the absence of 
s interings the average c i y s t a i i i t e size should increase by (2„00)^ 
i . e .p 1.26-fold,, f o r complete ox ida t ion of every chromium c r y s t a l l i t e . 
As found f o r zirconium and niobium metal powder oxidationp the 
s i n t e r i n g of Cr^O^ i s probribiy accelerated by the remaining chromium 
metal . I n contras t , the f i n e l y d iv ided , Cr^O^^ prepared from the 
o 
hydroxide s in te rs only slowly a t 1000 C i n a i r , l i k e the oxide 
obtained from the n i t r i d e . I n the l a t t e r case, s i n t e r i n g i s 
i n h i b i t e d probably by the removal of nitrogen,, 
o 
I t would be expected that a t temperatures higher than 1000 C, 
ox ida t ion by outward metal m i g r r t i o n predominates^ Gulbransen & 
Andrew (l957) claim that at. about lOOO^C,, the i-ate of evaporation 
of chromium becomes equal to the ra te of oxidat ion^ i n terms of the 
number of chromium atoms evaporating or react ing w i t h oxygen ( P i l l i n g -
Bedworth ru le becomes less s i g n i f i c a n t ) . U l t ima te ly , the removal 
of the chromium at the metal-oxide in te r face leaves behind vaoanciea 
which reduce the adheoiono This causes detachment of the th icker 
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and appreciabl7=st ra inei c>:tlne f.-lra.;-. c f ^ ; :-inalo.'^ ous behaviour 
of i r o n on ox ida t ion (Etiukloh r i i i e l , i940)o 
This type of o-Tldft1 Lon ^iechanism at higher temperatures V70uld 
ass is t f u r t h e r the ox ida t ion of the metal n i t r i d e ^ the former was 
found to be complete w i t h i n a few hours at IIOO^C i n contr/i?L to 
inr y l e te -oxidation over a much longer period a t 0^00*^ C { i i g o 
5o2c1 N i t r i d a t i o n of Molybdenum 
The molybdenum-nitrogen system and i t s thermodynamics have 
been described i n Chapter lo Neumann et^aloj . (1934)? Sato 
(1938 b)p and Brewer e t . a i . y ( i950) have also compiled thermodyn=' 
amic data on molybdenum ni t r ideso Since there i s l i t t l e or no 
n i t r i d e format ion by d i r e c t ac t ion between the metal and ni t rogen 
i n the temperature range 400-iOOO^C (see Section ^oi4 . Chapter l)^ 
k n e t i c measurements mainly? concern the ra te of d i f f u s i o n of 
n i t rogen through molybdenum at various temreratuies (Smithel l s and 
K-insleyp 193-1? 1935)o The ccjufl-tion concenrned is% 
D - K / f faP/(!^ ap.;^  
whoref D = D i f f u s i o n coef.f . K and a are constants^P = pressure 
of n i t rogen g.TS vmicb erdlows f o r the f r a c t i o n of surface 
covered by the adsorbed layer^ according to Langnuix's isothermo 
Conditions f o r n i t r i d e format ion from the K e t i l and ammonia 
and the thermal s t a b i l i t i e s of the cryt? t a l l i n e phases Mo^IT and KoN 
have been discussed previo^isly i n Section I « T h e n i t r i d i . n g 
of the almost pure Mo-alloy TsM-^A (C O0OO3., T i O0O9 andZr OoU Wt-^) 
by ammonia (Lakhtin & Kogaxi;; 7958) produces a maximxim ourface 
hardness a t 900=1400^C due to the fo rmat ion of Mo^N and HoNo 
N i t i d d a t i o n a t temperatures above f400^0 resi^lted i n a decrease i n 
hardness due to r e c r y s t a l l i s a t i o n of molybdenum and lack of n i t r i d e 
format ion . Optimum n i t r i d i n g condit ions were 900-1OOO^C f o r 1 hour^ 
N i t r i d e d molybdenum showed increased resistance (by 60-90^) to 
p l a s t i c deformation a t iOOO-l400*^C, The n i t r i d e d layer was b r i t t l e ^ 
I n the present workj the n i t r i d e used f o r m i l l i n g and oxida t ion 
studies had a'composition of 72o6 w t - ^ Ho.^ N and 27p4 wt.-^J^ Mo 
(4o93?^N compared w i t i i SoBO ^ f o r M o . . .N ) 
l f i l i 2 ^ T i m n g _ o f _ H o 1^^^ trid.e^ 
6 g-port ions of the Molybdenum nirrade were m i l l e d under 
standard conditions described i n Section 2c6 Chapter Ic 
The s p e c i f i c surface progressive'iy increased and the average 
c r y s t a l l i t e size decreased daring m i l l i n g times of up to 10 hours 
(Figure, 5o13)-
The m i l l i n g caused srra:Ln to be set up w i t h i n t-he c i y s t a l l i t e s p 
so tha t there was X-ray l i n e (or peaJc)-'broadening as shown i n 
Figure 5o14o These X-ray d i f fTac tometer traces rev'eal t h a t the 
n i t r i d e present ( i n the i n i t i a l sample) has been more extens ive ly 
m i l l e d than the metalp i n contrast to the behaviour found i n the case 
of zirconiuigi^mtride and the metal^ as xeported i n Sect ion 3o2^2 
Chapter I I I o The 'main Mo and Mo.-.N X-ray peaks vere too close to 
determine accurately the changes i n half-'peak widths f o r estimating 
-
the c r y s t a l l a t t i c e strains. . 
The i n i t i a l aggregates and s ing le c ry s t a l s axe reduced 
considerably i n size during the f j . r s t 2 h mi l l ingp c f , change i n 
average c r y s t a l l i t e s-* 2.«i i l r - i s t - ^ t ^ c ' i n Figure 5o t 3 ( b ) and 
e lec t ron micrograpni;^ Plate? 50%^- *j .f '%This probably represents also 
( 2 \ 0 ) 
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removal and conmiimition of more b r i t t l e n i t r i d e from the 
outside of the p a r t l y n i t r i d e d metal pa r t i c les^ On f u r t h e r 
m i l l i n g (2»10 hours) there was comparatively leas change i n the 
average c r y s t a l l i t e sizes and the aggregate sizes of the materialo 
Mo3.ybdcnum n i t r i d e i s conv^*rted to ^lolybdic oxide;, I-'oO,. 
a t teipperatures between ^^ O -^t-OO^C xn a i r . X-~-ray d i f f r ac tome te r 
traces give no i n d i c a t i o n s of any oxyn i t r ides or lower oxides of . 
molybdenum being formed a t these temperat-areSo Var i a t ions i n 
s p e c i f i c surface^ S^ , ac tua l surface area ( fo r 1 g i n i t i a l sample) 
S, ' and average c r y s t a l l i t e size (equivalent spher ica l diameter) 
are shown i n Figure f o r 5 h - m i l l e d molybdenum n i t r i d e 
subjected to a-lmospheric oxidat ion a: 40C^C, About -J- of the 
mater ia l oxidises comparatively rapidly.^ whi le _S and S values 
decrease and the avora;>e c r y s t a l l i t e aiz^. increase to about Oo-5 
V/hen the oxide c r y s t a l l i s e s oul from Ihe n i t r i d e matrij'.p the 
changf'n an t?'pes of c r y s t a l l a t t i c e (cubic r'aCl (B..) of Mo^H or 
cubic b.Co y(k2) oS V.o to or thoThombic MoO., ) and large f r a c t i o n a l 
volume increases (K.84 and 2,3 cf trie or i5: i - ia l MOpN and Mo volumes 
respec t ive ly ) v;ould be expected to produce considerable 3pl ic t l .ng 
away of oxide c r y s t ' ^ l l i t e s . However^ tiic surface areas decrease 
since molybdic oxide (MoO-/) s in t e r s irery •.'ead:iry at- 400^Go This 
temperature i s w e l l above the Tammann cerQi.>e::ature (about m.p= i n 
k) of about 260*"'c f o ^ moiyb^•iic oxide.- 30 that c r y s t a l l a t t i c e d i f f u s i o n 
can be extensivec Hence, in the l a t e r stages of the oxida t ion the 
remaining n i t r i d e p a r t i c l e s are surrounded by layers of oxide 
impermeable to normal gaseous d i f f u s i o n . The I n i t i a l approxiinately 
(217) 
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l i n e a r k ine t i c s become paraboidc being con t ro l l ed by l a t t i c e d i f f u s i o n 
through the oxide layer.. This is shown also f o r oy::.dat:iou of m i l l e d 
and unmil led n i t r i d e sample? vu Figures ^..IS'.oh^ 5 o i f ? and 5^.17 at 
temperaturee ranging between !550-''?50^Co As f o a n d f o r oTher n i t r idesp 
the c i i l l e d n a t o r i a l ap]iarently has the gTearer surface hnterogeneity 
and has more tendency to ^ive a m t i a l l inear raxhei- th.-in -.xtrabolro 
ox ida t ion rates (as discussed i n ooc t io i . ?o"'.'5). The exudation latee 
increase comparatively l i r t i ^ between 450^ "^  and bOO '^c^  c f . ^ Figo ?o 18(a) 
and ( b ) n most probably caused by moi,s eAtensi\fe s i n t e r i n g of the o:clde 
impeding the reac t ion a t the higher iempe-rarure ( c f , , T^anadium 
n i t r i d e ^ Section 4.:o>)p and s i m i l a r l y impeding the f i n a l oxidat ion 
of the 10 h=compared w i t h -che 2 h -mi i l ed samples,. Ac?cordifigly 
e lec t ron micrographs shoii t h M the a n i n i a l i r r e g u l a r pa r t i c l e s of 
unmi l led or m i l l e d n i t r i d e u l t i m a t e l y give regular shaped MoO^  
p a r t i los on ox ida t ion a t A^yf' and espec ia l ly a t 550^C(Plates 5o9 
& 5o1?)> The unmil led ni t i^ide snows some c r y s t a l l i t e s p l i t t i n g i n the 
e a r l i e r oxidat ion etsges a t the lower temperature^, viz .o^ 400^Cs 
but more extensive s i n t e r i n g piredomiriates a t i h e higher tempsraturep 
550*^ Ci, when less f i n e i y •divlc!*d ma te r ia l is given.. 
5p_2a3(a) Comparison wi t-h__Oj^datiGn^^f Ijolybg-gnum m^ -
The main oxide formed an ox."idation of molybdenum powder i n 
a i r a t 500°C i s molybdic oxide MoC^^  as foand f o r trie oxidised 
n i t r i d e ^ About of the metal i s oxidised i-spidiLy., accompanied 
by some sp l i t - t i ng away of the oxide cry s t a l l i les from tlie metal matr ix 
as evidenced by increases i n s p e c i f i c aui face , S; and actual surface 
0 
areap S ( f o r a 1 g - i r i i t l a l metal sample) and decreases i n average 
c r y s t a l l i t e s ize ( f i g u r e 5 = 19V- This behaviour i s ascribed to the 
\ I 
FIGURE 5,19 
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i \ 
1 . -s-
change i n type of c r y s t a l la t t i ce and large fract ional volume increase 
(viz.p 2o3 of the original volume described i n -foe preceding section) 
when the metal i s oxidised to the less densq oxideo Subsequently^ 
••\ 
'o 
oxide sintering predominates so that S, and S diminish and the average 
ci^rstall ite s ize increases. This etablo oxide f i lm .:|ike that obtained 
from the nitride again considerably impedee the oxidationo Similarlys, 
electron micrographs show that the original rounded (sintered) part ic les 
of Molybdenum powder are large'v unaffected by limited (l1^) oxidation 
at 400^C i n 5 hours (Plate 5, 3 j but more extensive oxidation at 
500*^ 0 i n a i r (about TOjS oxidatxon I n llh) produces some f iner material 
with less rounded aggregatesc This part of the oxidised speojjnen 
i s shown electron-miorographicaily i n Plate 5o12,bat together ;rtth 
coarser remainder of the material, i t s inters extensively on further 
heating to above one micron In yi^Co 
(22.51 
The present rey^arch roporred i n Chnpte.r:, 1X1 - V demonstrates 
the general p r inc ip l e s presented iTi Chapter I - The k i n e t i c s a n i 
proaucts of oxidatio"n of the "o i t i ides of t raTisi t ioD meta ls , v j z . ^ 
Tip 2r, v. irt>i Ta^ , Cr ana Ho, dt;T;ond rwiinly on r.;i^ au'crinfjiC 
r e a c t i v i t y of the mater ia l and th? ava i lab le gvrface at which 
ox ida t ion can mc\xx.\ 
The temperatures fox the fonaat lon of the n i t r i d e s are 
s u f f i c i e n t l y high to cause extensive s i n t e r i n g ao that the 
products usual ly have s p e c i f i c suifacep beloi/ 1 m g^""^ ' and average 
c r y s t a l l i t e sizes aboo-e OoS /4m. VO-jen the n i t r i d e s ere rallied 
the s p e c i f i c surface progressively increases^ Eleclroo micrographs 
show tha t the o r i g i n a l nirr iciee consis t of a ln^le c rys t a l s and 
aggregatftSo The s ingle c ry s t a l s are f:cactui:ed i n i^ he e a r l i e r 
stages of Che mrilling and the fragmenis are -jncorporated i n t o the 
aggregatesc The aii-erage rysxa lLl te sizes decrease r a p i d l y a t 
f i r s t and lateT s lowly when the o i y s f a l l i t e s become of submicion 
sizso 
The m i l l e d n i t r i d o e apptirenliy havf; ^-eaier surface heter-
ogeniety and tend i r d t i a i l l y to give l i nea r rat-her than parabolic 
oxida t ion ratesv •lintJ.l su f i i c i en t oxxde of ntior .aJ c r y s t r ^ l l i t e -
size composition i s formed to gi'^c s l ab j e oxifie layers^ The 
k i n e t i c s and oxidat ion rares are i n f luon red also by d i f f e rences i n 
type of c r y s t a l structure* and xr. molecular volume of the n i t r i d e s 
and t h e i r oxide productSc This leads to s p l i t t i n g away of newly-
formed oxide c r y s t a l l i t e s from ihe remaining n i t r i d e niatriXp 
{2.26) 
p a r i i < n j l a r l y i n tho ea ia ie r stage? oi? many of the oxida-tions. 
Tb:Gi, r.herc a::^  i.iari-1.1 < r.r y^'.i^-^s i : - . vp -c i f i c s'- r face ^nd decre .^*aes 
Tn contras t , oxide s'l.ntertWig decreases the sur face area, being 
enhanced hy longer calcliiar,ior> atvi }u.ghQV ;.empeuirc^s^ The 
s i n t e r i n g i s con t ro l l ed by surface d i f f u s i o n promoting g r a i n -
boundary penetration at lowei tempera bares (above aboiat m.po 
in K ) and c r y s t a l l a t t i c e d i f f u i i i o a at highe? 'emperatures (above 
the Tammann tenpeiaT-ure,. about -J- m.p.. K)c Comparison of' the 
oxidat ion of n i t r i d c d and f r e e mevajs mdioatea thai- oxide 
s i n t e r i n g j.s i n h i b i t e d seme rimoc- by removal o f ni trogen but 
accelerated oocasiona 1 l.y by the remai.ning meral^ 
In the formatic^n of tiioojL'.^m n i t r i d e r„'om oi.-^ and 
mixdd of^- tltand'um alloys. , the D i t r i a e layers adhere s t rong ly 
to the metal s^jbstratsc X-.-ay aivalysis LDdicates that there i s 
some d i s so lu t i on of nit.io.^en Sn the o r i g i n * i i o ^ taniTfiin 
to s l i g h t l y d i s t o r t thei r l a t t i c e s zo iha.t of the so- c a l l e d K -
TiNp before f u r t h e r D i m d a M c n and format ion of w e l l - d e f i n e d 
c r y s t a l l i n e TiN^ T>iere are only smal], voliime mci^ases (OoOS 
to OoOS of "the o r i g i n a l mrathl volume) daring the n i t r idabioas , , 
f a c i l i t a t i n g good adhesion of the n i t r i d e ley:^rc Ah lower 
temperatures (8OO-;500^C) l a t t i c e d i f f u s i o n i s also op^rative^ 
HoweveTj, the scaling resistance of' t i t an ium n i t r i d e i n a i r i s poor^ 
since i t oxidises appreciably a: tempe»?ature-9 above only 400^0. 
I n the oxidat ion of tiian.ruin n i r r idec c r^ / s t a l l i t e s of r u t i l e 
s p l i t o f f from the remajiung n i t r i d e before t^iey s in ter and i n h i b i t 
f i i r t h e r ox ida t ion . Zirconjum n i t r i d e ox ida t ion l e complicated by 
fonnat ion of tetragonal ZrO^. at highsr terj/^Tat ' jri?;.., p a r t i c u l a r l y 
above 1200^G< and monoclini c ZxO^ a t Icwer temperatures c The 
n i t r i d e i n i t i a l l y forms the so-cal led 'amo/phous^ cubic ZrO^ 
notably between 400-600^0,^ vmi.ch. may be s t a b i l i s e d f^omewhat by .the 
lenia-ininf. cvibic Zrllc S'^bsoqu'^riI'lv. ti-'or-: 10 a f u r t n o r f r a c t i o n a l 
voJ.unc iiicr<^a.c-o v.'hxlf; fo-TT'.-i^tt:;! 0!" :no'-:ocli'nic ^H)^ bi'j.np; 
comple tcdo 
The atir:o?^T)t!eric i x l o a r i o n oi v^inadi'jm n i t r i d e , '/i'li r i t 
450"650^C produces vanadium pentoxidoi, V^O^. which i s comparatively 
low melt ing (m.po 674^C) and slnrexs ex tens ive ly . Rence,, oxide 
s i n t e r i n g predominates over possible surface a c t i v a t i o n caused by 
any c r y s t a l l i t e s p l l t b i n ^ thro-ugh change i n type of c r y s t a l l a t t i c e 
and large f r a c t i o i m l volume increase ( l , 2 7 of rlie o r i g i n a l volume)p 
as the n i t r i d e i s converted to the ler>o dense oxidcc The maximum 
o o ox ida t ion ra te i s given a t about :-/0^ ;) C^ , Lov/er rai.es at 500-650 C 
are ascribed to more extenaive oxide s i n t e r i n g impeding the 
oxidation,, 
Niobium n i t r i d e (£ - IR.N) and tantalum n i t r i d e and 
TaN) are converted i n a i r to niob.ium pentoxide, ^-fTo^O^ a t >00-800^C 
and tantalum pentoxide. ^l^-Ta^)-'.! 400-6C}O^C respec t ive ly . There 
are considerable increases i n s p e c i f i c surface and decreases i n 
average c r y s t a l l i n e size 5n the e : i r l i € r st'\ges of the oxidat ions 
when the oxides c r y s t a l l i s e out from the remnining n i t r i d e matrices^ 
S imi l a r behaviour i s shovrn v.'hen the me Is are oxidised i n ai.r^ 
I n a l l cases., there are io ige column increases r e s u l t ! r;g i n extensive 
c r y s t a l l i t e s p l i t t i n g . Subsequently, mo newly-formed oxides ejinrer 
causing the ox ida t ion to be impeded. 1'he ainteriTie of the niobium 
pentoxide between 400- tOO'^ C i s extensi te enought to rererse the 
temperature c o e f f i c i e n t to negative (revues f o r the ox ida t ion rates of 
(228^-
the nitride as well as those previously found for the metalo At 
o 
toraperaturesp above 600 Cp the oxidation rates increase again with 
temperature as the crystal la t t i ce diffusion increases. Production 
of correspondingly smaller oxide cryotaJli te.s from the nitride compared 
with the ruetal oxidations suggests that removal of nitrogen inhibi ts 
oxide sintering; the comparatively hi^h melting metal ie not expected 
to accelerate sintering i n the metal oxidation. 
Chromium nitrides^ CrN and Cr,^ R> are the most oxldation-reaiatant 
of the nitrides studied^ Both oxidised to give chromium^sesquioxld©, 
CPgO g^ at temperatures between 750-»200*^Co The chromic oxide s inters 
extensively at temperaturee above 1:000^ 0 (ioe,, above about i t s Tammann 
temperature) so that oxidation of the nitr ides i s impeded^ Nevertheless, 
sintering i s less extensive than that found i n tiie oxidation of the 
metal at corresponding temperat^ireso I t i s more comparable with that 
of chromic sesquloxide formed by thermally decomposing chromic 
hydroxidso The comparatively lower melting chromium metal apparently 
accelerates oxide sintering^ 
'\?hen molybdenum nitridep Ho^ N,, oxidises m a i r between "550-^550^00 
mainly molybdic oxidcp MoO^ . ie formed^ Since,, this oxide i s 
comparatively low-melting (V^^'^c) i t s inters readily and hinders 
oxidation of both the nitride and the metalo 
These studies are being extended to other transit ion metal nitrides, 
notably of tungsten.- Further invos tigationa have been carried out i n 
this Department on the formation and react iv i ty of ionic and 
covalent nitrides (oiasson & Jayaw??era, ^ 96&-69 and ColeSp 1969-7*^ 0 
and also on other refractory hard metal and non=metal boridesp carbides 
and sil icid.ea (Olasson & Jones^ 1969-70)o 
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A P P E N D I C E S - ' 
1. Curves for correcting l ine breadths for K - doublet and 
instrumental broadening in the method by Jones for determining 
intrinoic X-ray litie .(or peak) broadening. 
2. Calculation of the aiigular separation of the and <>t^  
^ components of K radiation. 
3 . TH1 1130 Compliter programme f o r ' B . S . T . gas sorption daite. 
4. Reprint of jnibliehed paper 
Formation and react iv i ty of n i tr ides . 
17 Titanium and zirconium nitr ides . 
Jo aPDl. Chem.. 1969, 182-4 
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APPENDIX 11, 
0-3 b 
e g h 
0.7 h 
(Turve for correcting line breadths for K -doublet 
• broadening. 
\'0 
Curve for correcting line breadths for instrumental 
broadening 
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Appendix d 
Calcula t ion of the angular separation of the 1 
' and 2 componentG of K r a d i a t i o n 
Data f o r angular separr.tion of the two components of 
various K rad ia t ions are given I n the In t ' ; rna t iona le Tfibel ien* 
accurate to two s i g n i f i c a n t f i gu ros . A d i r e c t c a l cu l a t i on using 
the Bragg r e l a t i onsh ip 
s in 61 ' l^l^ s i n 0 , = ^±2 
2d 2d 
vrhernm d is the c r y s t a l spacing and \ i s the wavelength i n 
o 
Angstrom un i t s , i s rediou» and gives oii]y two or three 
s i g n i f i c a n t f igures j , because the two 6 angles must be subtracted 
to obtain angular separation. 
An equation f o r small 'values of B was' developed as fol lows? 
subtrnci ing the above equations, 
2d 
2 s in h- t C7 2 - c/^  j = 
2d co3 0^^ 
Sub3 t i n; t i ng 
av, 
2 s i n 0 
2 s in \ {6,^ « 0 J . A ^ 2 _ ^ l . ^ 
ti I van C? 
A 
av 
(246) 
For very email angles, the s in i s very nearly equal 
to the angle i n radians. I . e . , 
2 B i n i ( e 2 - a ^ ) - ^ a - ^ 
Thuo, . . 
^ = 260 ^ 2 -^11 tan e „ 
^ av. 
Various values of C for different X-ray tube targets are 
given below: 
K- Radiation C 
Cr 0.195 
Pe 0.233 
Co 0.249 
Hi 0.266 
Cu 0.285 
Ho 0.690 
Ag 0.899 
Szample; Cu K-o< radiation, 
Bragg angle 0 = 14^43*; 
A = 0.285 tan 14^43' 
= 0.0746 
* Internationale Tabellen zur Bestimmung yon Er l s ta l l s trukturen , 
vo l . 2 . , 1935» Gebruder, Borntraeger, B e r l i n . 
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APPENDIX 5^  
I . B . H . 1130 Computer Programme for the detemination of Specif ic 
Surfaces by the B . E . T . Method using least squares method to determine 
the intercept and slope of the isotherm. 
(250) 
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APPENDIX 4 
Reprint of published paper covering preliminary research 
during M.Sc. Crystallography course. 
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FORMATION AND REACTIVITY OF NITRIDES 
IV.* T J T A N I U M AND Z I R C O N I U M N I T R I D E S 
By D. R. GLASSON and S. A. A. JAVAWEERA 
The reaciivities of the iniersiitial liianium and zirconium nitrides have been compared. Samples of these nitrides 
have been convened to oxides by being calcined in air. Changes in phase composition, surface area, crystallite 
and aggregate sizes have been correlated with oxidation time and temperature. 
CryslaUiics of rutilc, T iO j . split ofT from the remaining liianium nitride before ihcy sinter, and inhibit further 
oxidation. Zirconium nitride oxidation is complicated by formation of letragonal ZrOj at higher temperatures, 
particularly over 1200°, and monoclinic ZrOi at lower temperatures. The nitride initially forms the so-called 
'amorphous" cubic ZrOi . notably between 400—600'. which may be stabilised somewhat by the remaining cubic 
ZrN. Subsequently, there is a further fractional volume increase while formation of monoclinic ZrO; is being 
completed. 
Introduction 
The formation, hydrolysis and oxidation of (he more ionic 
and covalent nitrides have been described in earlier papers.*""* 
This research is extended now to a further study of titanium 
and zirconium nitrides which are regarded generally as inter-
stitial nitrides.* The thermodynamics o f their formation and 
the relation between bonding and crystal structure have been 
discussed in Pan 1.' Their preparation has been described 
previously by the authors."* The titanium nitride was found 
to be stable up to 1000°, but the zirconium nitride showed a 
range of homogeneity f rom nearly stoichciomctric Z r N 
(13-3wt.-%, 50atom-% N) at 600° to lower nitrogen con-
tents at temperatures up to 1800°. Thus, a typical sample o f 
niiridcd zirconium contained only 10-32 wt . -%, 42-8 a i o m - % 
N . 
Most interstitial nitrides arc hydrolyscd less readily than the 
ionic and covalent nitrides, but are converted to oxides on 
calcining in air. ' Hence, although the corrosion resistance 
of layers o f litanium or zirconium nitrides on the metal sur-
faces is excellent, the scaling resistance in air (or oxygen) is 
not very good. Preliminary investigations'* have indicated 
that the conversion of nitride to oxide involves splitting of the 
newly formed oxide layers. Changes in molecular volume 
and type of crystal lattice are important (cf. Pilling-Bcdworth 
rule for o.xidised metals^), and also the rate of oxide sintering. 
These variations are examined now more closely at different 
temperatures and calcination times. 
Experimental 
Procedure 
Separate portions of finely divided titanium and zirconium 
nitrides were calcined in air for various limes at each of a 
series of fi.xcd temperatures. Oxidation rates were estimated 
f rom weight changes in the samples during calcination."* The 
cooled products were outgassed at 200° /// vacuo before their 
specific surfaces were determined by B.E.T. procedure^ f rom 
nitrogen isotherms recorded at - 183° on an electrical sorp-
tion balance.^-* The deduced average crystallite sizes (equi-
valent spherical diameters) were compared with particle 
size ranges determined by optical or electron microscopy. 
Phase composition identification 
Samples were examined for phase composition and cr>'sial-
linity using an A'-ray powder camera and a Solus-Schall 
A'-ray difTractomcter with Geiger counter and Panax ratc-
mcter. Certain samples were examined further by optical-
and electron-microscopes (Philips EM-lOO). 
Results 
Fig. I (a), (b) and (d) shows the overall variations in 
specific surface, 5. and average crystallite size during the 
conversion of titanium nitride to titanium dioxide (rutilc) at 
600° in air. These are compared with oxidation rates in 
Fig. 1 (c). Electron-micrographs o f the titanium and zir-
conium nitride samples and their oxidation products are 
presented in Fig. 2. 
1 1 
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Fig. 1. Calcination of titanium nitride in air at 6O0'c 
In (b), broken curve represents actual surface area (S'), for an 
initial one-gramme sample of liianium nitride 
'Pan I I I : preceding paper 
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(d) (c ) ( t ) 
Fig. 2. Electron micrographs of litanium and zirconium nitrides 
calcined in air at 600 c and 1000 ( respectively 
Tilanium nitride: (a) original sample; (b) after 15 h calcination; 
(c) after 200 h calcination 
Zirconium nitride: (d) original sample; (e) after 2 h calcination; 
( f ) after 20 h calcination 
Discussion 
Oxidation of titanium nitride 
Tilanium nitride, T i N , is converted to tetragonal T i O i 
(rulile) at 600 in air. A'-ray powder photographs and 
diffraclometer traces give no indications o f any oxynitrides 
being formed at temperatures between 400—1000 . In the 
oxidation at 600 , Fig. 1 (c), the initial weight increase is 
comparatively rapid, accelerating during the first half hour 
before becoming approximately linear and then parabolic, ' 
as found for aluminium nitride.^ The t i lanium dioxide A'-ray 
patterns are given only after about a quarter o f the total 
weight increases are recorded at 600 , but rutile patterns are 
detected after only l°a oxidation at 500 . The longer cal-
cination time (5 h) at the lower temperature evidently per-
mits cryslallisaiion o f the rutile. while at higher temperatures, 
T i N has a limited solubility in T i O as discussed in Part I . * 
The lattice constant o f T i N can remain unchanged f rom T i N 
to TiNo bOo * when the binary compounds are sintered at 
1700 , and this may retard crystallisation of rutile at higher 
temperatures. 
The variations in rate o f titanium nitride o.xidalion at 600^ 
are accompanied by corresponding increases and decreases 
in specific surface, 5, in Fig. 1 (a) and (b) and in actual 
surface area, S', for an initial 1 g-sample o f litanium nitride, 
illustrated by the broken-lined curve in Fig. I (b). Conse-
quently, the average crystallite size of the material at first 
decreases and later increases. Fig. 1 (d). Factors conlributing 
to the detailed shapxr o f the ini t ial oxidation rate curves have 
been summarised in the previous paper^ and apply similarly 
to aluminium and ti tanium nitrides. When there is sufficient 
titanium dioxide o f rational crystallite size composition, it 
sinters to fo rm surface films through which normal gaseous 
diffusion cannot easily occur. The reaction becomes con-
trolled by solid-state diffusion, wi th the kinetics becoming 
parabolic and the surface area decreasing, as observed after 
about 50°o conversion in Fig. 1 (a), (b) and (c). 
When the titania crystallises out f rom the nitride matrix, 
during the acceleratory and approximately linear stages o f the 
oxidation, it evidently splits o f f to give smaller crystallites as 
S and S' increase more rapidly in Fig. 1 (b). Any additional 
spalling at the nitride-oxide interface when the samples were 
cooled for surface area determination was negligible by com-
parison, since the reheated samples proceeded to give ox i -
dation rates similar to those o f samples which had been 
continuously heated. Thus, the crystallite splitting results 
mainly f r o m changes in type o f crystal structure (cubic F-type 
to tetragonal) and a volume increase (0-630 of the original 
volume) as the nitride is converted to the less dense o.xide. 
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The maximum increase in the number of cryslallites, cal-
culated f rom (575)^ and allowing for molecular volume 
changes."* is about twenty-fold, similar to that found fo r the 
aluminium nitride oxidation at 1000°. The splitting apparently 
facilitates release o f nitrogen, since the material ultimately 
(after 200 h) reaches constant weight corresponding to the 
calculated weight-loss for complete conversion o f nitride to 
T i O j . 
The m.p. of T i N (2930") and T i O j (1920°) give Tammann 
temperatures (half m.p. in '*K) o f 1600° K and 1096 °K , in-
dicating very lii i le crystal lattice diffusion at 600°, but limited 
sintering promoted by surface diffusion should be possible 
for T i O j but not T i N at this temperature, cf. one-third m.p. 
= 460°c and 8(X)°c respectively. This is confirmed by de-
creases in surface area and increases in average crystallite 
size during the later stages of the titanium nitride oxidation 
(Fig. 1 (a), (b) and ( d ) ) , i.e.. as T i N is consumed by oxida-
t ion, its crystallite size must decrease while that of the oxide 
increases. Longer calcination (up to 200 h) causes very little 
additional sintering. In contrast, there is extensive sintering 
during the oxidation of titanium nitride at 1000° in air. 
giving a solid mass of TiO^, mainly formed within 2 h.* It is 
even greater than sintering of T i O j , promoted by crystal 
lattice diffusion at temperatures above 1000°, which has been 
reported recently by one o f the authors for samples f rom 
other sources." The titania f rom the T i N must be produced 
in a more compact form, possibly also giving a more suitable 
grain size composition for sintering. Electron micrographs 
also indicate fragmentation and subsequent sintering o f 
material during the oxidation o f titanium nitride, cf. Fig. 
2 (a), (b) and (c). 
Oxidation of zirconium nitride 
Zirconium nitride. Fig. 2(d) . is converted to zirconium 
dioxide. Fig. 2 (c), which subsequently sinters at 1000° in air, 
Fig. 2 ( f ) ; at this temperature, an>^ initial crystallite splitting 
is hidden by the more extensive oxide sintering which gives 
denser and more rounded aggregates. The oxidation of this 
nitride is complicated by the format ion o f tetragonal ZrOz'^ 
at higher temperatures, particularly over 1200°, and mono-
clinic Z r O j ' ^ - ' ^ at lower temperatures. 
When samples o f zirconium nitride containing some free 
zirconium metal are calcined in air, the metal oxidises rapidly 
at temperatures o f 350—400°. The nitride requires corres-
pondingly higher oxidising temperatures, and initially forms 
the so-called 'amorphous' cubic Zr02 , ' * notably between 400' 
and 600° (cf. cubic ZrOa f r o m Zr alkoxides decomposed in 
nitrogen at 300—400°, '* which may be stabilised somewhat 
by the remaining cubic Z r N in the present work). A'-ray 
diffractometer traces show an additional reflection at 2-94— 
5 A, some reinforcement o f the 2-54 A spacing and displace-
ment and broadening o f the 1-81 and I-54 A spacings o f 
monoclinic Z r O j towards the shorter distances of 1-80 and 
I-53 A o f the cubic fo rm. A t higher temperatures, 700— 
1000°, the additional reflection disappears and the main 
monoclinic Z r O i reflections ai 3 1 6 and 2-84 A develop more 
rapidly. The conversion of the cubic F-ZrN (a = 4-56 A) to 
cubic F -ZrOj (o = 5 09 k) involves a fractional volume in-
crease o f 0-367 (of the ini t ial volume) which further increases 
to 0-521 when formation of monoclinic Zr02 is completed. 
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ERRATUM 
In the paper by Marson, / . appl. Chem., 1969, 19, page 97, left hand column, line 12: 
for 'S(Mg/mI of Cu^) = 6-357x 10* log.o (4 03 
read'S(ns!m\ of Cu*) = 6-357 x 10 '" ' -^" ' 
pH)' 
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